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ALoTHACT  (VOLUME  I) 


(U)  Investigations  of  the  aerodynamic  spike  nozzle  concent 
are  discussed  in  this  report.  These  investigations 
include  experimental  cold-flow  testing  of  high-area 
ratio  ae.ospikes,  aerospike  nozzles  with  various 
combustor  configurations  and  various  size  segments 
of  no ro spike  nozzles  and  parametric  analytical 
application  studies  for  the  nozzle  concept.  One 
cold-flow  test  series  investigated  th>  performance 
of  very  high  area  ratio  (6  =  150 )  short  length  aero¬ 
spike  nczzles  using  helium  as  the  tost  fluid.  A 
ten  percent  length  contoured  nozzle  and  a  six  percent 
length  conical  nozzle  wore  tested.  Theoretical  and 
experimental  performance  results  ore  presented.  The 
second  cold-flow  test  series  determined  the  performance 
of  a  series  of  aerospike  nozzles  having  various  combustor 
configurations.  The  effect  of  ro/.zle  base  bleed  and 
intermodule  bleed  on  performance  wa3  investigated. 
Combustor  configurations  consisted  cf  shrouded  end 
unshrouded  continuous  annular  (toroidal)  combustors 
and  c.ultichcmbcr  configurations  with  eight  and 
sixteen  discrete  conventional  combustors  clustered 
around  a  common  spike.  Spacing  between  chambers, 
spike  length,  and  engine  slirouding  were  varied  for 
the  multi-chamber  configurations.  All  nozzles  had 
an  area  ratio  of  50.  Theoretical  and  experimental 
perfonnance  results  are  presented.  A  third  cold-flow 
test  series  investigated  tne  relative  nozzle  vail  and 
base  pressures  for  45,  5*0,  and  100  degree  segments  of 
an  aerospike  nozzle  compared  to  a  full  annular  aero¬ 
spike.  Experimental  results  are  presented.  Analytical 
and  design  studies  were  made  to  determine  effective 
methods  of  utilizing  toroidal  and  multichamber  construc¬ 
tions  for  at.-roiyrifl-ic  spike  configurations  over  a  wide 
range  of  thrust  level,  ernmeer  pressure,  and  nozzle 
area  ratio.  Design  layouts  at  ceveral  thrust  levels 
of  interest  are  presented.  Heat  transfer  studies 
establishing  cooling  feasibility  and  parametric  weight 
studies  are  described.  Combustor  effects  on  nozzle 
performance  are  discussed. 
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ABSTllACf  (VOLUME  II) 

(C)  Three  hot-firing  aerodynamic  spike  nozzle  programs  are  described.  One 
program  had  as  its  objective  to  obtain  a  large  background  of  parametric 
hot-firing  aerospike  performance  data.  Performance  data  were  obtained 
over  a  range  of  pressure  ratio  from  approximately  3i'0  down  to  22, 

Thirty  S-second  each  duration  firings,  10  at  near  sea  level  conditions 
and  20  over  a  range  of  high  pressure  ratio,  were  conducted.  Secondary 
flowrate  was  varied  from  zero  to  5  percent  of  primary  flowrate  and 
supplied  by  a  gas  generator  utilizing  NpOq / (pO-C.C)  propellants. 
CO  mixture  ratio  was  varied  from  approximately  0.1^5  to  0.28  at  3  percent 
secondary  flowrate  to  determine  tho  effect  of  secondary  gas  energy  level. 
The  12  percent  length  aerospike  thrust  chsaber  had  an  area  ratio  cf 
26  mnd  generated  approximately  7400  pounds  of  thrust  at  decign  altitude 
and  300  psia  chamber  presnore.  Gidns  in  nozzle  efficiency  were  noted 
with  the  use  of  up  to  3  percent  secondary  flowrate,  A  high  degree  of 
altitude  compensation  was  noted  with  this  engine  down  to  a  pressure 
ratio  equal  to  approximately  1?  percent  of  design  pressure  ratio 
(approximately  300),  A  complete  tabulation  of  performance  is  given. 

For  the  second  program,  the  nozr.le  section  of  the  above  engine  was 
lengthened  to  2j  percent  (of  nr.  equivalent  15  degree  conical  nozzle) 
and  modified  to  incorroratc  liquid  (NpO ,)  side  injection  TVC  cepability. 
T; dr ty- three  firings  of  6  seconds  each  duration  were  conducted  at 
altitude  to  determine  liquid  injection  TVC  perfOi-niar.ee  trends  with 
variations  in  injection  parameter  ..  Results  ore  compared  with  theory 
and  applied  to  tyjical  applications.  LITVC  performance  with  was 
gen  .‘rally  low  and  otner  inject. on  fluids  c*.d  techrdques  are  recommended. 

A  third  hot-firing  test  program  was  conducted  to  determine  the  influence 
of  external  flow  cn  ir.— flight  roz-  le  performance.  An  aerospike  thrust 
chamber  using  Ky0.  pi-opell/nto  was  enclosed  by  a  simulated  vehicle 
body.  The  engine  generated  400  pounds  of  thrust  at  a  chamber  pressure 
of  /00  psia.  The  20  percent  length  aerospike  nozzle  had  an  area  ratio 
of  25  and  was  tested  ov,r  a  range  of  pressure  ratio  from  30  to  470  and 
at  slipstream  Mach  numbers  of  0,  0.55,  0.90,  1.20,  1.40,  1.80  and 
2.2.  Fi.  ty-seven  firings  of  1  minute-  each  duration  were  accomplished. 
Still  air  nozr.le  .fficiency  wa. •  very  nigh  aid  significant  performance 
improvement  was  obtained  with  the  addition  of  secondary  flow,  Nozzle 
performance  was  relatively  unaffected  by  slipstream  in  the  nozzle 
operating  region  of  practical  interest  for  booster  engine  application. 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 

(u)  During  recent  years,  various  new  thrust  chamber  configurations  hare 
been  introduced.  The  ultiitnte  objective  of  these  advanced  concepts 
has  been  to  provide  efficient  nozzle  performance  with  short,  light¬ 
weight  structures.  One  pro.vising  approach  to  this  goal  ie  referred 
to  as  the  aorodynaaic  spike  nozzle  concept.  Figure  1  shows  a  model  af 
an  aerodynamic  spika  nozzle  with  an  advanced  (toroidal)  combustion 
chamber  along  with  a  similar  thrust  conventional  engine.  In  this 
configuration,  the  nozzle,  as  we  know  it  today,  is  virtually  eliminated. 

(C)  The  aerodynamic  spike  was  readily  envisioned  as  a  method  of  shortening 
the  spike  (plug)  contour.  High  pressure  gaaos  are  exhausted  from  an 
annul  ar>-type  combustion  chamber  with  low-pressure  gases  coxing  out  of 
the  central  portion.  By  this  action  an  Interface,  similar  to  a  nozzle, 
is  formod  between  the  flows.  The  thrust  contribution  normally  attri¬ 
buted  to  a  nozzla  is  obtained  by  the  pressure  of  the  secondary  gases 
ccting  over  the  base  region.  Outwardly,  this  configuration  looks 
much  like  a  short  length  plug.  However,  the  introduction  of  secondary 
gases  produces  flow  fields  (Fig.  2)  and  performance  comparable  with 
much  longer  plug  nozzle  types.  This  secondary  flow  has  proven  to  be  of 
benefit  to  nozzle  performance. 

(c)  Performance  of  the  aerodynamic  splko  rozcle  is  a  function  of  various 
nozzla  geometric  parameters,  of  the  exeunt  of  secondary  flow,  of  tha 
manner  in  which  this  secondary  flew  is  introduced  and  of  the  relative 
energy  between  the  primary  ar.d  secondary  streams.  Investigation  of  these 
parameters  was  initiated  under  North  American  Aviation  independent 
research  studies  in  1959.  Since  that  time,  the  aerodynamic  spike 
nozzle  has  beer,  evaluated  both  experimentally  nni  Theoretically.  Study 
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programs  have  systematically  invesci (fated  the  various  performance 
parameters  and  evaluated  their  influence  on  nozzle  efficiency.  The 
result  of  this  continuous  effort  is  a  cosprehonaive  knowledge  and 
understanding  of  the  aerodynamic  spike  conce  rt. 

Investigations  have  shewn  that  the  use  of  the  aerodynamic  spike  con¬ 
figuration  reduces  eng’na  length,  weight,  and  ceding  surfaces 
exposed  to  primary  combustion  products.  These  short  nozzles  exhibited 
very  high  nozzle  efficiencies,  equal  to  and  in  most  cases  superior 
in  the  performance  of  the  conventional  00  percent  length  optimally 
contoured  cell  nozzle.  In  addition  to  the  high  nozzle  efficiency  at 
design  pressure  ratios,  the  aerodynamic  3pike  nozzle  provides  on 
extremely  high  degree  of  altitude  compensation.  The  requirement  for 
low  pressure  secondary  flews  also  provides  a  convenient  high  perform¬ 
ance  method  of  utilizing  turbine  exhaust  gases. 

Although  verification  of  these  potential  gains  had  been  achieved, 
several  aspects  of  the  aerodynamic  spike  nozzle  concept  had  not  been 
explored.  In  order  to  further  the  development  of  this  concept,  the 
Advanced  Aerodynamic  Spike  Configurations  Study  va3  initiated  in 
July  1964  under  contract  AK)4  (6ll)-9948.  It  waa  the  goal  of  this 
3tudy  to»  (l)  evaluate  its  performance  characteristics  at  high  area 
ratios,  (2)  compare  methods  rtf  applying  the  concept  to  advanced 
vehicle  configurations,  and  (3)  demonstrate  nozzle  performance 
cap-abilities  in  a  comprehensive  hot-firing  te3t  series. 

In  December  1965  the  scope  of  the  program  was  brcaa*med  to  includes 
(1)  a  hot-firing  investigation  of  thrust  vector  control  characteristics 
of  an  aerodynamio  spike  nozzle  using  liquid  side-injection,  (2)  a  hot- 
firing  investigation  of  aarosplke  performance  when  operating  in  a 
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typical  flight  environment,  (3)  an  analytical  investigation  of  nozzle 
base  bleed  ccnfi. .’•rations  and  a  hot-firing  demonstration  of  a  promising 
configuration,  and  (4)  a  cold-flow  investigation  of  aerOBpike  nozzle 
segment  performance. 

(u)  All  areas  of  investigation  have  been  completed.  Volume  I  presents 
the  results  of  the  cold-flow  test  programs  end  the  analytical  and 
design  studies.  Volume  II  presents  the  results  of  the  hot-firing 
teat  programs.  The  contents  of  Volume  I  are  summarized  in  the 
following  paragraphs. 


(c)  A  cold-flow  test  program  was  conducted  to  evaluate  aerodynamic  spike 
nozzle  performance  at  high  area  ratio,  A  10-percent-length  nozzle 
contoured  for  maximum  primary  thrust  and  with  a  150  area  ratio  and  a 
45  degree  conical  nozzle  6  percent  in  length  with  an  area  ratio  of  130 
were  tested  using  helium  as  the  primary  and  secondary  fluid.  A  nozzle 
efficiency  of  99.6  percent  was  ac!-ieved  with  secondary  flow  with  the 
lO-percent  length,  contoured  nozzle.  The  effect  of  the  quantity  and 
method  of  introduction  of  secondary  flow  was  investigated.  Measurements 
were  made  of  the  pre.  -<urc  distribution  in  the  wake  of  the  nozzles. 

Good  agreement  was  obtained  between  theoretical  performance  predictions 
and  experimental  data  and  the  wake  measurements  verified  the  analytical 
flow  uodels  used. 

(b)  A  second  cold-flow  tent  senes  investigated  the  effect  of  combustor 
configuration  on  aerodynamic  spike  nozzle  performance.  The  specific 
goal  was  to  couple  closely  the  effects  of  nozzle  contour,  combustor 
ehape  and  the  use  of  secondary  gas.  To  accomplish  this,  a  group  of 
multichambcr  and  annular  aerodynamic  spike  nozzles  were  tested.  These 
particular  cold-flow  data  combined  with  available  data  for  various 
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toroidal  configurations  may  be  utilized  to  evaluate  the  potential 
performance  of  contain  tor  and  nozzle  designs.  An  additional  cold-flow 
modal  wl_Lch  wa3  tested,  was  a  scaled  version  of  a  10, OOO-potmd  thrust 
hot-firing  tliruat  chanber.  K  direct  comparison  of  cold-flow  and  hot- 
firing  performance  was  made  (Volume  II)  with  these  geometrically  similar 
nozzles. 

(C)  Analytical  and  design  studies  were  made  to  determine  effective  mothods 
of  utilizing  toroidal  and  aultichanber  constructions  for  aerodynamic 
spike  configurations,  design  layouts  were  completed  at  thrust  levels 
of  40,000  pounds,  350,000  pounds,  65b, 000  pounds,  and  2,000,000  pounds. 

Heat  transfer  studies  establishing  cooling  feasibility  and  parametric 
weight  studies  were  conducted.  A  comparison  of  tho  relative  reliability, 
cost  and  versatility  of  toroidal  and  multi chamber  aerospike  and  conventional 
engine  systems  was  made. 

(u)  A  coid-^low  test  program  was  undertaken  to  determine  tho  performance 
of  segments  of  an  aerospike  nozzle.  A  full  360  degree  cold-flow 
aerospike  model  was  fitted  with  splitter  plates  to  obtain  nozzle 
setmient  test  configurations  of  45  degrees,  90  degrees,  and  180  degrees. 

The  nozzle  wall  and  base  pressures  obtained  for  the  segmented  nozzles 
are  compared  to  the  full  annular  values. 

(U)  The  first  section  of  this  report  contains  a  qu&litiative  description 

of  the  principles  of  operation  and  the  flow  regimes  for  the  aerodynamic 
spike  nozzle  concept.  This  should  carve  to  quickly  familiarize  the 
reader  with  the  concept  and  more  readily  gra3p  the  detailed  results 
presented  in  the  following  eectiono. 
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SECTION  n 


THS  AERODYXAMC  SPIKE  H022LS  CONCEPT 


(c)  The  aerodynamic  spike  nozzle  concept  is  based  upon  the  fact  that,  hy 
suitable  design,  an  ideal,  maximuss-efficiency  spike  nozzle  can  be 
truncated  to  a  small  fraction  cf  i;»  initrl  length  with  only  a  email 
loss  in  efficiency.  As  the  spike  contour  length  decreases,  the  nozzle 
base  area  Increases  end  the  pressure  acting  on  the  base  pressure  area 
provides  a  performance  contribution  compensating,  in  part,  for  the 
diminishing  performance  of  the  primary  (iseo tropic)  floe  field.  In 
addition,  the  proper  uee  of  secondary  mass  bleed  into  the  base  region 
of  a  truncated  spike  nozzle  increases  the  bare  pressure  contribution, 
caapared  to  a  zero-bleed  system,  and  results  in  a  relatively  short 
nozzle  with  the  high  overall  performance. 


FLOW  FISUD  BEHAVIOR 

(c)  An  understanding  of  the  primary  flov  field  behavior  end  ths  base 
pressure  phenomenon  is  esential  to  the  formulation  of  an  analytical 
model  of  the  aerodynamic  splice  nozzle.  The  phenomenon  is  depicted 
in  Fig.  3  for  a  highly  simplified  model  of  uniform  flow  over  a 
backward -fac  ing  step.  Reattaclmsent  and  simultaneous  change  of 
direction  of  the  potential  flow  field  produces  a  recirculating  flow 
in  the  base  which  ie  instrumental  in  establishing  the  base  pressure. 
The  recirculating  fluid  consists  of  low-energy,  boundary-layer  flow, 
which  is  turned  back  by  tha  increasing  pressure  gradient  in  the  region 
of  reattachment.  ThiB  process  is  viscous  in  nature. 


(C)  During  operation  at  high  pressure  ratios  (chamber  pressure-to-anbient 
pressure),  the  characteristics  cl  the  primary  flow  field  upstream  of 
the  base,  shown  as  Region  1  in  Fig,  4,  are  determined  only  by  the 
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Aerospike  Nozzle  Principle  of  Operation 


Figure  Aeroapike  Flow  Field  Model 
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throat  ami  contour  geometry.  In  Region  2,  the  flow  expands  around  the 
lower  lip  of  the  nodel  and  detaches,  forming  a  free  shear  layer  which 
separates  the  external  flow  from  a  region  of  suboonic  recirculating 
gases  in  the  base.  The  inner  frce-jet  boundary  ie  not  "ffected  by 
ambient  ore?  "o  re  vaves  fret*  the  outer-jet  boundary,  and  thus  is  inde¬ 
pendent  of  pressure  ratio.  The  flow  along  the  inner-jet  boundary 
and  its  adjacent  shear  layer  impinges  on  the  centerline  where  it 
reattaches  and  recompreases  through  a  trailing  shock.  Thie  condition 
ia  referred  to  as  closed-wake  flow,  and  the  base  preuoure  is  constant 
and  higher  than  ambient  so  that  a  positive  thrust  acting  on  the  baae 
is  developed.  Ambient  pressure  effects  are  not  felt  on  the  nozzle 
contour  or  baae.  The  basic  mechanism  governing  the  base  pressure  in 
this  regime  ia  flow  reattachaent. 

(C)  When  a  small  amount  of  secondary  flow  is  introduced  into  the  base 

(at  a  constant  ambient  pressure)  and  the  base  pressure  increases,  the 
inner  free- jet  boundary  of  the  primary  stream  still  impinges  on  the 
centerline;  however,  the  angle  of  impingement  becomes  shallower  as  the 
base  pressure  increases  (Pig.  5  ).  Schlieren  photographs  of  a 

typical  configuration  are  shown  in  Pig.  6  ,  for  increasing  secondary 

flowrates  at  the  design  pressure  ratio.  Higher  base  nressures  result 
because  the  secondary  flow  modifies  the  shear  layer  characteristics, 
i.e.,  increases  the  viscous  entrainment  region  between  the  primary 
and  secondary  flow  regions.  The  modification  of  the  shear  layer  is 
accompanied  by  a  change  in  the  flow  in  the  reattachment  region  (Region  4/ 
resulting  in  increased  base  pressure. 

(C)  As  the  amount  of  secondary  bleed  increases,  the  base  pressure  also 

increases  until  a  condition  is  reached  where  the  inner  boundary  of  the 
primary  flow  no  longer  impinges  on  the  axis.  Some  of  tho  base  bleed 
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Typical  Solution  of  Aerodynamic  Spike  free  Je 
Boundary  with  Various  Secondary  Flows 


(a)  i/i0  =  0  percent 
PR  =  1162 


(b) 


W  /w  =  0.49  percent 
s'  p 


PR  =  1176 
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(c)  V  /w  =  1.02  percent 
?R  *  1164 


m  VS 


1 .56  percent 


PR  -  1176 
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Fiffore 


6.  Optica.  Ho.sl.  i  1 2-Percent  length)  «ltk 
Secondary  Flowrate,  Schlieren  Photegrapna 
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than  ia  transmitted  la  to  the  wake  region  through  a  central  coraj  this  core 
grove  aa  the  secondary  bleed  rate  continues  to  increase.  A  decreasing  pres¬ 
sure  gradient  then  exists  in  the  base  region,  and  the  secondary  flow  la 
accelerated  by  prtsasjuro  a a  well  aa  viscous  forces. 

(c)  Aa  the  pressure  ratio  decreases,  ths  nature  of  the  flow  field  changes  con¬ 
siderably.  The  intersection  of  the  envelope  shock  and  the  inner  free- jet 
boundary  novea  upo trees  toward  the  rcuttachnent  point  as  the  pressure  ratio 
decreases.  This  can  bo  observed  in  the  series  of  Schlicren  photographs  in 
Fig.  7.  When  the  reattachncsit  point  (Fig.  7b  end  7c)  is  reached,  the  wake 
starts  to  open.  The  baoe  region  then  begins  to  feel  the  influence  of  the 
higher  ambient  pressure.  When  the  wake  opens,  the  base  pressure  no  longer 
retains  constant  (at  a  constant  secondary  flowrate),  but  increases  with  in¬ 
creasing  ambient  pressure  (decreasing  pressure  ratios).  This  open-wake  base 
pressure  is,  i n  cany  ensen,  greater  than  ambient  pressure.  Further  decreases 
in  pressure  ratio  will  cause  the  envelope  r.eoek  to  imnipge  fin»lly  on  the 
nozzle  contour  (Fig,  7f),  causing  recompresaion  of  the  primary  flow.  The  re¬ 
compression  phenomenon  yields  increased  wall  pressures  at  high  ambient  pres¬ 
sures,  eliminating  overexpansion  losses  common  to  conventional  high-erea- 
ratio  nozzles  operating  at  low  altitudes.  Thus,  base  pressure  and  nozzle 
recompreasion  compensate  for  the  ambient  condition,  and  are  responsible  for 
the  altitude  compensating  feature  of  the  aerospike  nozzle.  The  vail  pres¬ 
sures  due  to  recompreasion  can  be  considerably  higher  than  ambient  or  base 
pressures.  Conventions!  bell  nozzles  cannot  experience  recompression  nor 
adjusting  nozzle  exit  pressure  (comparable  to  aerospike  base  pressure)  since 
the  primary  flow  field  is  internal  to  the  nozzle  hardware.  The  aerospike 
nozzle,  therefore,  exhibits  a  performance  advantage  over  a  convent,  al  noz¬ 
zle  since  the  recoapresaion  and  base  pressure  phenomena  result  in  good  low- 
altitume  performance  for  a  high-area- ratio  nozzle  without  compromising  design 
point  performance. 
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(a)  PR  =  899 


(b)  PR  =  397 


CLOSE  WAKE  (Pb  =  CONST.) 


OPENING  WAKE  (TRANSITION) 


(c)  PR  =  279 
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Fi^mc  7.  Plow  Field  5ehavior  With  Pressure  Ratio,  Sehlieren 

Photon, rapha,  Shrouded  Ideal  Contour  (e  =  45, 

L  =  15  Percent,  y  =  1.4,  i  =1  Percent) 
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Figure  7.  Concluded 
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SECONMRr  PLOW  EFFECTS 


(c)  Introduction  of  a  secondary  flow  into  the  base  region  improves  the  base 
pressures  developed  as  Ghown  in  Pig.  8  .  As  the  secondary  flow 
increases  from  the  no  base  bleed  case,  the  nozzle  efficiency  will 
increase  due  to  the  increase  in  ba3e  pressure  altnough  the  total  flow- 
rate  increases.  There  is  a  limit  to  the  gain  in  efficiency  end  an 
optimum  flowrate  exists  for  each  configuration.  This  can  be  determined 
by  observing  the  design  efficiency  with  increasing  secondary  flowrate, 
Fig.  9  •  Normally,  efficiency  improvements  over  the  no  secondary 

flow  case  are  achieved  with  secondary  flows  which  are  a  small  percentage 
of  the  primary  flow.  Secondary  flows  also  eliminate  rapid  decrease  in 
efficiency  with  pressure  ratio  (Fig.  10  )  and  improve  altitude  com¬ 

pensation. 

(c)  Nozzle  length  and  secondary  flowrate  are  interrelated  in  that  the 

performance  gain  with  secondary  flew  and  the  optimum  secondary  flowrate 
are  increased  for  shorter  centerbody  lengths (Fig.  ll).  Each  aerospike 
configuration  can  be  designed  ouch  that  the  secondary  flow  and  length 
requirements  are  balanced  to  produce  a  configuration  with  an  optimum 
efficiency  versus  altitude  curve. 


Secondary  Flowrate/Primary  Flowrate  (W  /W  ),  percent 


Nozzle  efficiency  vs  Secondary  r'iowrate,  12-percer/ 
Length 


Secondary  Flew 
1  percent  of  Primary 
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SECTION  III 


HICH-AJIKA-RATIO  NOZZLE  STUD! 


(U)  Analytical  and  experimental  studies  of  the  aerodynamic  epike  nozzle 
with  expansion  area  ratios  aa  high  as  53  have  shown  this  concept  to  be 
capable  of  achieving  high  performance  efficiency  over  a  wide  range 
of  pressure  ratios  with  a  short  nozzle  length.  In  this  program,  a 
test  series  was  designed  to  investigate  aerodynamic  epike  nozzle  per¬ 
formance  at  much  higher  area  ratios  (  c  »  1 50) -  The  major  objectives 
of  this  cold  flow  program  weres 

1.  To  determine  potential  aerodynamic  spike  performance  at  high 
area  ratios  (  c  =  1 50) . 

2.  To  evaluate  theoretical  methods  of  analyzing  high-area-ratio 
aerodynamic  spike  nozzles. 

(U)  The  models  selected  for  testing  were  a  contoured  nozzle  with  10  per¬ 
cent  (of  a  15  degree  conical  nozzle)  axial  length  and  a  45  degree 
conical  nozzle  with  6  percent  axial  length  (Fig.  12  )•  Both  models 

were  tested  with  various  secondary  flows  to  augment  performance. 

Helium  »  »s  uced  for  both  the  primary  and  the  secondary  flows. 

(U)  The  test  program  concentrated  on  the  evaluation  of  the  high  performing 
contoured  model  for  pressure  ratios  from  160  to  79,000  and  secondary 
flowrates  from  0  to  5  percent  of  the  primary  flowrate.  Several  base 
injection  configuration*  were  tested.  A  total  of  45  data  points  nerc 
obtained  with  the  contoured  model.  Testing  of  the  45  degree  conical 
model  was  conducted  in  the  high  pressure  ratio  regime  to  evaluate 
theoretical  methods  of  analyzing  aerodynamic  spike  nczrlee  with  high 
exit  flow  angles.  A  total  of  15  data  points  were  obtained  with  the 
conical  model. 
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A  detailed  diaaiimoa  of  the  model t,  inetruaeotatioa,  test  method,  end 
test  facility  was  presented  in  Hof.  1. 

PcHFOaOUCE  DfcFIh'ITION 


(lO  In  the  following  sections  the  performance  of  the  models  has  been  evaluated 
in  terns  of 
is  equal  to 


in  terns  of  no-zl«  efficiency,  (see  Appendix  l).  The  efficiency,  C^, 


0,-c/c,  0  <■*/“,> 


opt 

(U)  C?  can  be  broken  down  as  followsi 

C?  *  <V  -  V  +  Ecowl  +  i  cb  -  ^  etot 

int  drag  P  P  P 

c  c  c 


(1) 


The  areas  of  tha  nozzle  upon  which  the  forces  represented  by  these 
terms  act  are  indicated  in  the  sketch  o'  the  aerodynamic  spike  nozzle 
control  surface  in  Fig.  13  . 

(0)  The  intrinsic  thrurt  coefficient  C?  int  is  defined  ns  the  sue  cf  the 

mcmer.tuc  and  the  pressure  1'orces  acting  on  the  primary  nozzle  throat 

and  the  nozzle  contour,  divided  by  the  term  P  A*  .  The  Cn  tern 

e  1  Fdrag 

in  the  thrust  coefficient  less  caused  by  boundary  layer  drag  in  the 


prinary  nozzle.  The  primary  thrust  coefficient  (c 


F  int 


) 


drag 


acts  on  the  annular,  area  between  points  ?  (the  outer  expansion  point) 

and  3  of  Fig.  13  •  The  term  (P  ,/P  )  e  .  is  the  thrust  coefficient 

COVi  c  cowx 

increment  caused  by  the  pressure  on  the  outer  contour  of  the  primary 

nozzU-;  and  ic  act3  on  the  annular  region  between  points  1  and  2.  The 

ter*  (.\/P  )  ev  is  the  thrust  coefficient  increment  caused  by  base 
*>  c  o 

pressure,  which  acts  on  the  area  between  poin'.e  3  and  4.  The  (?  /P  ) 

ft*  c 

ctot  ter9!  rePr0£5r,ts  the  1088  in  thrust  coefficient  caused  by  aofcient 
pressure  acting  on  the  nozzle  ozer  the  area  between  points  1  and  6. 
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figur*  13.  Aerodynandc  Spike  NomIo  Control  Surface 
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(7)  The  test  data  used  in  the  following  discueeiena  of  the  test  results 
are  given  in  Appendix  2.  Note  that  the  efficiencies,  C^,  are  pre¬ 
sented  with  and  without  the  thrust  contribution  of  the  outer  cowl. 

The  primary  flow  was  attached  to  the  outer  cowl  surface  and  produced 
a  small  thrust  contribution  |jPcowl  "  Pa^Pc]  ccowl  at  high  pressure 
ratios;  and  the  flow  separated  from  the  surface  and  produced  a  anell 
drag  at  low  preseure  ratios.  It  was  considered  best  to  diecusa  the 
data  neglecting  the  cowl  contribution  to  simplify  the  comparison 
between  the  experimental  data  and  the  predicted  performance.  There¬ 
fore,  the  results  presented  in  the  following  discussions  do  not  include 
the  [(pcovl  ~  Pa^PcJ  Ecowl  tenB’  and  *^e  effective  exit  area  af  the 

nozzle  becomes  A  .  Then  the  breakdown  of  nozzle  thrust  coefficient  is 
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THE  CONTOURED  AERODYNAMIC  SPIKE  MODEL 

(U)  A  contoured  aerodynamic  spike  with  an  axial  length  10-percer.t  that  of 
an  equivalent  15  degree  cone  and  an  expansion  area  ratio  of  150:1  was 
designed  to  determine  potential  performance  at  high  area  ratios.  A 
summary  of  the  45  date  points  obtained  with  thia  model  is  given  in 
Table  1.  The  model  waa  tested  with  an  open  base  cavity  with  secon¬ 
dary  flow  introduced  through  an  orifice  recessed  in  the  ca7ity.  Flow 
emerges  md tally  through  eight  holes  in  the  orifice.  Base  configura¬ 
tions  which  injected  secondary  flow  radially  inward  and  outward  at  the 
base  exit  plane  were  also  tested  to  determine  the  effect  of  these 
methods  of  secondary  flot  injection  on  performance. 
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(o)  During  testing  of  the  contoured  model  the  eodel  was  dis&ssemhl ed  once. 
Reassembly  of  the  model  resulted  in  an  approximately  0.0006  inch  change 
in  the  model  aerodynamic  throat  gap  which  changed  the  modal  area  ratio 
from  147.5  to  156.8.  The  change  in  area  ratio  ie  Indicated  in  the 
table  summarizing  the  tests  with  this  model.  However,  it  causes  a 
difference  of  only  0.04  percent  in  the  thrust  coefficient.  In  view  of 
this  small  difference  it  is  reasonable  to  neglect  the  change  in  area 
ratios  in  the  analysis  of  the  model. 

Experimental  Performance 

(u)  The  contoured  model  va«  tested  with  an  open  base  cavity  erd  with  no 
secondary  flow  over  3  pressure  ratio  range  of  160  to  70,000.  It  was 
also  tested  with  secondary  flow  at  a  high  pressure  ratio  of  approx¬ 
imately  73.000  and  at  several  intermediate  pressure  ratios  from  1100 
to  10,000.  A  photograph  of  this  model  is  shown  in  Pie.  14  .  In 
these  tests  the  secondary  flow  was  introduced  inlo  Ihe  base  cavity 
using  the  radial-outwavd  injection  orifice  which  can  be  seen  in  the 
photograph. 

(c)  The  efficiencies  from  the  tests  without  secondary  flow  over  the  pressure 
ratio  range  from  160  to  70,000  are  presented  in  Pig.  15  .  The  cur-e 
through  these  points  indicates  peaks  in  efficiency  at  pressure  ratios 
of  approximately  1600  and  (design  pressure  ratio).  For  com-  • 

parison,  a  fully-expanded,  fixed-flow  nozzle  is  also  shewn  on  the 
figi- s.  The  base  pressures  corresponding  to  these  tests  are  plotted 
versus  pressure  ratio  in  Pig.  16  , 
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Contoured  Aerodynamic  Spike  Nozzle,  Open  Base  Cavity 


Base  Pressure  Ratio  vs  Chamber  Pressure  Ratio.  Contoured 
Aerodynamic  Spike  f-'ozsle  Configuration 


CSuFlSEIiTLI 


(c)  In  the  low  prsssurs  ratio  rang*  f rca  150  to  1600,  tbo  wakt  of  tho 
contoured  spike  nozzle  was  open  and  tho  base  pressure  was  slightly 
less  than  ambient  pressure.  In  this  region,  rises  to  over  95  per¬ 
cent  and  is  such  greater  than  that  which  would  be  erpected  from  e 
140:1  area  ratio,  fixed-expansion  no tele.  The  efficiency  te  con  parable 
to  that  of  a  nozzle  of  lower  area  ratio.  This  can  also  be  deduced 
froa  an  inspection  of  ths  components  of  aerodynamic  spike  performance. 
If  Eq  2  ie  further  broken  down  by  separating  the  (p4/pc)  *#  tens  into 
its  ooaponents  (r#/Pe)  *nd  (Pft/?c)  *p»  *here  ep  or  (e#  -  «b)  is 
the  area  ratio  of  the  primary  nozzle  expansion  surface,  the  faotore 
contributing  to  performance  are: 


(u)  When  tho  base  pressure  of  the  spike  nozzle  ie  equal  to  ambient  pressure 
the  term  £(1^  -  P#)/Pfi  ]  is  equal  to  sero  (as  shown  in  Fig.  16  )| 
the  remaining  equation  is  equivalent  to  that  of  a  fixed-expanelan 
nozzle, 


(C)  Thus,  if  the  asrodynssic  spike  nozzle  ie  coopered  to  a  fixed  expansion 
nozzle  of  the  same  area  ratio  as  ths  primary  nozzle  of  the  spike,  tho 
performance  of  the  two  nozzles  can  differ  only  by  the  differences  In 
their  intrinsic  performance  and  the  drag  losses  of  tholr  primary  flow 
fields.  In  the  esse  of  the  140:1  spike  the  primary  nozzle  eras  ratio 
ie  42:1 t  therefore,  sine*  the  base  pressure  ie  almost  equal  to  ambient 
pressure  ct  low  pressure  ratios,  ths  efficiency  of  the  spike  nozzle  is 
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(c)  In  tha  low  pressure  ratio  range  from  150  to  1600,  tho  wake  of  tho 
contoured  spike  nozzle  was  cpen  and  tho  base  pressure  was  slightly 
loss  than  aabiont  pressure.  In  this  region,  riaea  to  over  95  per¬ 
cent  and  is  auch  greater  than  that  which  would  be  expected  fro*  a 
148:1  area  ratio,  fixed-expansion  nozzle.  The  efficiency  le  conparsble 
vo  that  of  a  nczzle  of  lower  area  ratio.  This  can  also  be  deduced 
from  an  inspection  of  the  components  of  aerodynamic  spike  performance. 
If  Eq  2  is  further  broken  down  by  separating  the  (P  /P  )  e  tera  into 

its  coaponents  (P  /P)  c.  and  (P /P  )  e„i  where  e  or  (e  -  e. )  ie 
a  c  o  acp  p  •  o 

the  area  ratio  of  the  primary  nozzle  expansion  surface,  the  factors 
contributing  to  performance  are: 


(a)  Vhen  the  base  pressure  of  the  spike  nozzle  is  equal  to  ambient  pressure 
the  tera  -  P^)/?^  ]  is  •9U*1  to  *«ro  (as  shown  in  Fig.  16  ); 

the  remaining  equation  is  equivalent  to  that  of  a  fixed-expansion 
nozzle. 


(c)  Thus,  if  the  aerodynamic  spike  nozzle  ie  compared  to  a  fixed  expanaion 
nozzle  of  the  same  area  ratio  as  the  primary  nozsle  of  the  spike,  the 
performance  of  the  two  nozzles  can  differ  only  by  the  differences  in 
their  intrinsic  performance  and  the  drag  losses  of  their  primary  flow 
fields.  In  the  case  of  the  148:1  spike  the  primary  nozzle  erea  ratio 
le  42:1;  therefore,  since  the  base  pressure  is  almost  equal  to  ambient 
pressure  at  low  pressure  ratios,  ths  efficiency  of  the  spike  nozzle  le 


very  closely  related  to  that  of  a  42:1  area  ratio,  fixed-expansion 
nozzle  in  this  regime.  However,  at  low  pressure  ration,  the  occurance 
of  reconpression  in  the  primary  nozzle  of  aerodynamic  spike  nozzles 
eau  result  iu  further  increases  in  performance. 

(C)  In  the  high  pressure  ratio  region  from  a  pressure  ratio  of  2100  to 

70,000  the  contoured  nozzle  efficiency  with  no  secondary  flow  increases 
from  95-"?  percent  to  98*1  percent.  In  this  region,  the  wake  is  closed; 
and  the  base  pressure  does  not  change  with  pressure  ratio.  The  differ¬ 
ence  between  ambient  and  base  pressure  becomes  less  as  pressure  ratio 
increases  until  the  two  are  equal  at  a  pressure  ratio  of  approximately 
8000.  Then,  as  pressure  rafo  is  increased  further,  the  base  pressure 
is  increasingly  greater  than  ambient  pressure  end  produces  a  positive 
thrust.  The  nozzle 'efficiency  in  this  region  is  higher  than  that  of 
the  fixed-expansion  nozzle  with  an  area  ratio  of  148.  At  design 
pressure  ratio  (25,000),  the  efficiency  peaks  at  ..pproximately  98.13 
percent. 

(C)  The  difference  between  the  closed  wake  and  open  wake  condition?  can 

be  visualised  b7  ar.  inspection  of  Sohlieren  photographs  of  the  contoured 
nozzle  being  tested  in  the  low  and  high  pressure  ratio  regions.  Two 
such  photographs  are  presented  in  Fig.  17  •  In  Fig.  17a  the  photo¬ 
graph  shows  tha  nozzls  wake  at  a  pressure  ratio  of  936.  At  this' 
pressure  ratio  the  wake  is  open  and  the  base  pressure  is  approximately 
equal  to  ambient  pressure.  Is  Fig.  17b,  the  photograph  shows  the 
nozzle  wake  at  a  pressure  ratio  of  69,000  which  is  well  above  the 
preasure  ratio  at  which  the  wake  closes.  At  this  pressure  ratio  the 
flow  is  fully  expanded;  the  base  pressure  is  greater  than  ambient 
pressure  and  does  sot  change  with  pressure  ratio. 
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a.  Open  Wake,  Pressure  Ratio  =  936 


j 


b.  Closed  Wake,  Pressure  Ratio  =  69,000 

CONTIDili'TlAL 

figure  ,7-  Contoured  Ner.rle  Plow  Fields 
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Secondary  flow  was  injected  into  zhe  base  region  with  the  receded 
orifice  to  augment  performance.  Several  secondary  flowrates  were 
tested  at  high  pressure  ratios  to  deteroine  the  maximum  efficiency 
that  cculd  be  obtained.  The  pressure  ratio  varied  fro™  66,800  to  79.100 
during  these  tests.  An  average  value,  73.000,  is  referred  to  when  the 
efficiencies  are  compared.  Since  the  difference  in  pressure  ratio 
could  theoretically  make  only  s  0.02  percent  difference  in  the  per¬ 
formance,  the  data  was  not  normalised  to  one  pressure  ratio.  The 
efficiencies  for  these  tests  are  presented  versus  secondary  flowrate 
in  Pig.  18  .  A  maximum  efficiency  of  98.6  percent  was  obtained  with 
a  secondary  flowrate  of  1.4  percent  of  the  primary  flow,  an  increase 
of  0.5  percent  over  the  case  with  no  secondary  flow.  Performance  equal 
to  or  in  excess  of  the  zero  secondary  flow  case  is  achieved  with 
secondary  flows  up  to  four  percent  of  the  primary;  and  performance 
was  higher  than  that  of  a  comparable  area  ratio  bell  nozzle  for  all 
secondary  flowrates  tested. 

The  base  pressures  for  these  tests  are  plotted  versus  secondary  flow 
in  Pig.  19  .  Base  pressure  increases  with  the  addition  of  secondary 
flow.  A  change  in  the  rate  of  increase  occurs  at  a  secondary  flow  of 
1.4  percent.  This  change  in  slope  occurs  at  the  same  secondary  flow- 
rate  for  which  maximum  efficiency  was  obtained. 

The  efficiencies  resulting  from  the  addition  of  secondary  flow  in  the 
intermediate  pressure  ratio  range  are  plotted  versus  pressure  ratio 
in  Pig.  20  •  The  addition  of  secondary  flow  allows  a  high  efficiency 
to  be  maintained  throughout  the  tested  pressure  ratio  range.  A 
greater  than  96.5  percent  is  achieved  at  all  pressure  ratios  greater 
than  8  percent  of  design  pressure  ratio.  The  gains  in  efficiency 
achieved  with  secondary  flow  at  various  pressure  ratios  are  compiled 
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Contoured  Spike 
Configuration 
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Figure  .  16.  Z££ iaiency  ra  Secondary-  Flow 

Contoured  Aerodynamic  Spike  Configuration 
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Figure 


19.  Hase  Pressure  Uatio  versus  Secondary  Flow, 
Contoured  Spike  Model 
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in  Table  2.  Kote  that  these  secondary  flowrates' do  not  necessarily 
repi-osent  these  with  which  ssxIeu*  efficiency  would  be  attained;  they 
do  indicate  ths  performance  potential  with  secondary  flow  in  the  tested 
pressure  ratio  range# 


TAEUC  2 

Efficiency  Increases  Achieved  from  Secondary  Flow 
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v. 

w percent 

AC^,  percent 

1850 

3.05 

♦1-3 

3300 

1.11 

+1.1 

4200 

4.43 

+1.1 

73.000 

1.40 

+0.5 

{:’)  The  base  pressures  are  plotted  for  several  pressure  ratios  with  secon¬ 
dary  flowrates  of  1.0  and  4.75  parcent  of  primary  flow  in  Fig.  21  . 

It  can  be  seen  that  secondary  flow  increases  the  base  pressure  at  all 
pressure  ratios  tested.  Also,  in  the  intermediate  pressure  ratio 
region  around  2000  a  secondary  flow  of  4.75  percent  will  increase  base 
pressure  above  ambient  pressure. 


Cj'j-r-»ririon  with  Thoo-etlcol  Predict-1  on*,  Cloasd-foke  Bellas 

(C)  The  theoretical  efficiency  of  ths  contoured  model  was  predicted  prior 
to  testing  and  presented  in  Ref  1  .  The  clcaed-wake  performance 

predicted  for  the  soro-eecor.dary-flov  case  is  ccuparsd  with  the  experi- 
■ental  data  in  Fig.  22  *  The  predicted  efficiency  at  design  pressure 
ratio  was  58*2  percent;  the  ftxperioer.tal  value  was  98.1  percent. 


i8  Fressurc  Ratio  vs  Chamber  Pressure  Ratio.  Contoured 
cxljnamic  Spike  Nozzle  Configuration 
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The  experimental  wall  pressures  were  measured  and  are  compared  with  the 
theoretical  values  in  Pi?.  23  .  The  experimental  values  are  lower  than 
the  predicted  values  near  the  model  throat  and  higher  along  the  rest  of 
the  nozzle  wall. 

In  theoretically  predicting  the  base  pressure  of  the  models,  muny  of 

the  ideas  advanced  by  Korst  and  Nash  were  adopted  for  use,  the  most 

important  aspect  being  the  fact  that  the  wake  recompression  phenomena 

controls  the  baae  pressure.  The  theoretically  predicted  base  pressures 

for  zero  secondary  flow  are  compared  with  the  average  measured  base 

pressures  in  the  closed-wake  regime  in  Pig.  24  .  The  theoretically 

predicted  base  pressure  with  r.o  secondary  flow  waa  P./P  ■  0.000158; 

DC 

the  average  measured  value  was  P^/P^  =  0.00012. 

The  base  pressure  of  the  contoured  model  was  predicted  for  bleed  rates 
up  to  w =  1.16  percent.  Furthermore,  it  was  predicted  that  the 
small  bleed  regime  would  end  at  this  point.  The  theoretical  baae 
pressures  are  plotted  with  the  experimental  results  in  yig.  25  >  It 
can  be  seen  that  the  theoretically  predicted  end  of  the  small  bleed 
regime  occurs  near  tee  change  in  slope  in  the  experimental  curve.  It 
is  approximately  at  this  change  in  elope  where  the  maximum  efficiency 
is  achieved  from  the  addition  of  secondary  flow.  The  theoretically 
predicted  efficiency  with  1.16  percent  secondary  flow  was  98-7  percent 
at  the  deaign  pressure  ratio  aa  compared  to  the  measured  value  of  98.6 
percent. 

Coarnrioon  with  Theoretical  Predictions,  Oocn-Wak e  Regime 

The  nozzle  efficiency  predicted  in  Ref  1  for  the  open-wake  regime  ia 
compared  with  the  experimental  data  in  Pig.  26  ,  along  with  the  closed- 
wake  regime  results.  In  this  regime  the  difference  between  theory  end 


41 

CONFIDENTIAL 


Vfall  Proa  sure  Ratio 


0.06 


Contoured  Spike  Model 


Contoured  Spike  Model 


42 

CTSimi 


Contoured  Spike  Mcuel 


H*se  Pressure  Patio,  P^/?c  x  10 


10 


0  1  2  3  U  5 


CCKFIDEKTIM. 

Percent  Secondary  Flow 


Figure  25.  Coj^arl.'ion  of  Theoretical  with  Experimental 
fuse  Pressures,  Snail  Secondary  Flow* 
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experiment  varies  from  1.5  to  3  percent.  The  experimental  base  pressures 
ere  plotted  with  the  predicted  values  in  Fig.  27  .  The  difference 
between  experiment  and  prediction  in  the  open  wake  region  are  small. 
Therefore,  the  difference  between  the  theoretical  and  actual  perfor- 
nance  was  attributed  almost  entirely  to  the  analysis  of  the  primary 
performance. 

(c)  The  theoretical  primary  nozile  pressure  profiles  were  predloted  for 
the  open-wake  regime  in  Ref  1  .  The  methods  used  in  the  analysis 

had  previously  produced  satisfactory  results  for  cold-flow  {y  ■  1.40} 
and  hot-firing  (y  ■  1.23)  models.  Racompresslon  which  occurred  at  a 
pressure  ratio  of  160  is  indicated  by  the  experimental  wall  pressures 
which  are  plotted  in  Fig.  28  .  These  data  are  compared  with  the  pre¬ 
dicted  recompression  for  a  pressure  ratio  of  150.  The  difference 
between  the  actual  and  predicted  reconpresslon  is  partially  caused  by 
the  variance  between  the  actual  primary  nocele  geometry  and  the 
geometric  assumptions  used  in  the  theoretical  flow-field  analysis. 

The  theoretical  calculation  assumes  a  Prandtl-Heyer  point  expansion  at 
the  outer  cowl  lip  (also  the  throat  location)  to  find  the  position  of 
the  free  jet  boundary;  whereas  the  actual  expansion  point  has  a  finite 
radius  and  the  expansion  is  influenced  by  the  cowl  pressure  (slightly 
lover  than  ambient).  Further,  if  a  choked  flow  condition  occurs  before 
the  assumed  throat  location,  overexpansion  would  occur  before  the  cowl 
exit  point  is  reached.  All  of  these  factors  tend  to  delay  and  reduce 
recompression.  Further  investigations  of  the  analytical  solution  for 
the  primary  flow  field  is  also  warranted.  To  obtain  high  computational 
accuracy  at  this  area  ratio  it  be  mea  increasingly  important  to  main¬ 
tain  an  extremely  fine  flow  net. 
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1*1.1  Mrtm.  fr«.  Tte..t  0»t« 

a.  Th«r«lc.l  «tf  E*I»rtnenUl  »Ul  Pr..»r«*  -1th 
Recompression,  Contoured  Spike  Model 


I  (c)  It  vaa  pon tula ted  froo  base-pressure  theory  that  aethoda  of  secondary 

j  flow  injection  that  introduce  the  secondary  flow  with  no  axial  soaentua 

and  at  a  low  Mach  nuaber  would  reeult  in  the  Host  efficient  usa  of 
j  secondary  flow  to  increase  b.aae  pressures.  A  radial -inward  and  a 

♦  radial-outward  secondary  flow  injector  (Fig.  2S  and  30  ,  respectively) 

L  > 

were  designed  and  fabricated  to  evaluate  thin  postulate.  The  radial- 

i 

inward  fixture  was  designed  to  allow  two  annular  gap  apacings  eo  that 
the  Mach  nucber  at  which  a  secondary  flow  waa  introduced  could  be 
changed . 

t 

*  (C)  the  base  pressurea  with  these  secondary  flow  injection  methods  in  a 

j  pressure  ratio  range  of  44,000-69,800  are  plotted  versus  secondary 

flowrate  in  Pig.  31  .  The  base  pressures  with  the  rec«»3ed  orifice 

i 

are  also  plotted  for  comparison.  Secacse  the  base  pressures  are  a 

t 

snail  part  of  the  total  thrust  for  this  configuration,  a  large  change 
in  has*  pressure  produces  only  a  snail  change  in  efficiency.  Also,  the 
base  pressures  are  not  a  conplete  indication  of  the  effect  of  secondary 
flow  on  thrust  with  these  methods  of  injection.  The  geometrical  limita¬ 
tions  of  the  baee  area  did  not  allow  designs  of  the  base  plates  which 
would  result  in  pure  radial-inward  and  pure  radial-outward  secondary 
flow  injection;  there  was  aoxe  axial .momentum  to  the  secondary  flow  in 
the  base  exit  plane  in  both  cases.  This  axial  momentum  contributes 
to  the  thrust  and  the  nozzle  efficiency. 

(c)  The  model  perforasr.ee  with  the  tented  methods  of  secondary  flow  injection 
is  shown  or  Pig.  32  .  The  results  indicate  that  the  large-gap  radial- 
inward  injection  method  was  not  as  efficient  as  the  recessed  orifice 
method;  however,  the  large-gap  was  slightly  better  than  the  small-gap. 


Ra.lial-Ii.wnrd  Secondary  Inaction  Conficuration  Mounted  on  the  Contoured  No«le 
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Figure  32.  Specific  Inpulse  Efficiency  v»  Secondary  Flow, 
Contoured  Aerodynamic  Spike  Configuration, 
Pressure  Ratio  »  57,000. 
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t  radial -inward  injection  method.  The  secondary  flow  was  injected  sub- 

aonically  for  the  recessed  orifice  and  the  1 ere#- gap  radial-inward 
methods;  however,  it  was  injected  supersonically  in  the  small-gap 
radial-inward  method.  This  indicates  that  the  secondary  flow  should 
be  introduced  into  the  base  region  at  a  low  velocity  when  it  is  intro¬ 
duced  radially  inward.  The  base  pressures  also  indicate  that  the  radial- 
cut  injection  method  in  slightly  better  than  the  large-gap  radial-inward 
method.  The  maximum  efficiency  for  the  large-gap  radial-inward 
injection  method  occurred  at  a  secondary  flowrate  of  1.4  percent.  A 
change  in  the  slope  of  the  base  pressure  versus  secondary  flew  curve 
also  occurs  at  thia  point. 

(C)  The  efficiency  and  base  pressure  of  the  radisl-outward  injection  method 
are  slightly  higher  than  that  of  large-gap  radial-inward  method.  Thie 
is  contrary  to  what  would  be  expected  from  the  fact  that  the  secondary 
flow  of  the  radial-outwatd  method  is  supersonic  and  that  of  the  radial- 
inward  method,  subsonic.  The  higher  base  pressure  appears  to  be  the 
result  of  the  different  secondary  flow-primary  stream  interaction. 

The  Schlierer.  photographs  of  the  wakes  indicate  that  the  radial ly-out- 
vsrd  method  affects  the  wake  differently  than  the  two  other  method-. 

The  Schlierens  for  these  methods  of  injection  with  approximately  1 .5 
percent  secondary  flow  and  at  a  closed-wake  pressure  ratio  are  shown 
in  Pig.  53  .  In  contrast  to  the  wakes  of  the  recessed  ori¬ 
fice  and  the  radial-inward  methods  of  injection  (?ig.  33a  and  33b  ), 
a  distinct  disturbance  of  the  primary  flow  field  caused  by  secondary, 
flow  le  seen  near  the  outlet  of  the  radial-outward  configurrtion. 

THE  CONICAL  AERODYNAMIC  SPIKE  MODEL 

(u)  A  45  degree,  conical  eerodynamie  spike  with  an  axial  length  6  percent 
of  an  equivalent  15  degree  cone  and  an  expaneion  area  ratio  of  1?Cj1 
was  tented. 
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Figure  33.  Plow  Fields  with  Recessed  Orifice  RAdial-Invard,  and  Radial-Outward  Injection  Configurations 
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A  summary  of  the  15  testa  completed  with  this  model  is  given  in  Table  3* 
The  model  vas  tested  with  an  open  base  cavity  and  the  recessed 
orifioe  method  of  secondary  flow  injection.  A  photograph  of  this  model 
is  presented  in  Pig.  34  . 

Experimental  Performance 

The  conical  model  wee  tested  over  a  prebaure  ratio  range  of  46,000  to 
61.000  with  secondary  flows  from  0  to  5.1  percent  of  the  primary  flow. 
The  difference  in  pressure  ratios  results  in  a  maximum  theoretical 
difference  of  only  0.04  percent  in  C^,  ao  it  was  considered  reasonable 
to  neglect  this  difference  in  comparing  the  efficiencies.  The 
efficiencies  of  theee  teste  are  presented  versus  secondary  flow  in 
Pig.  35  .  A  maximum  efficiency  of  96.2  percent  was  realized  with  a 
secondary  flowrate  of  2.03  percent;  an  increase  of  1.2  percent  in 
efficiency  over  the  no  secondary  flow  case.  The  base  pressures  for 
theee  tests  (Fig.  36  )  indicated  a  change  in  slope  when  w  /w  =  1.6 

8  p 

percent. 

Comparison  with  Theoretical  Predictions 

The  efficiency  was  not  predicted  for  the  conical  model  in  Ref  1  ; 
however,  base  preeeure  and  primary  flow  field  analyses  ware  subsequently 
completed. 

The  b*  :6  pressure  was  prsdicted  using  ths  asms  recompression  criteria 
that  ware  applied  to  the  contoured  model.  The  base  pressure  resulting 
from  this  nozzle  wake  analysis  was  P^/Pc  *  0.00071  and  the  experimental 
base  pressure  wee  ?./P  ■  0.00066.  The  difference  between  the  predicted 
end  the  experimental  base  pressures  is  equivalent  to  a  difference  of 
0.25  percent  in  the  overali  efficiency. 
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Figure  34,  BocconcU  Orifice  Injection  Configuration,  Conical  Nozzle 


Pigura  36.  Base  Pressure  Ratio  vs  Secondary  Flowrate, 
45-degree  Aerodyr.aaic  Spike 
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(0)  To  satisfy  tho  raconproraion  criteria  It  was  necessary  for  the  flow  to 
separate  from  the  primary  nosale  wall  before  It  reached  the  end  of  the 
nossle.  The  base  pressure  analysis  thus  led  to  the  prediction  that 
the  primary  flow  ehould  separate  froa  the  nozsle  wall  at  a  point  about 
0.17  Inch  fro*-  the  throat  outer  expansion  point.  The  primary  nozsle 
experts??/  .  1  preaeurea  plotted  in  Tig.  37  indicate  that  the 

primer,  -.id  in  fact  separate  froa  the  nozsle  wall  at  approximately 
t>—  -  f  i't.i.  The  fact  that  the  separation  pclnt  vae  determined 

by  the  cxso  j  sears  solution  shews  that  aaparatlone  are  influenced  by 
the  vs  reeoi irssaion  phenomena.  Thia  makes  the  bass  pressure  theory 
a  very  >  jer.ul  tool  in  uncovering  unutual  flow  eituationa  of  thia  sort. 

(c)  Further  confirmation  of  the  interrelctlon  of  baas  pressure  and  flo* 
separation  was  gained  by  comparing  ths  noszle  pressure  profiles  for 
various  amounts  of  secondary  flow  (varying  base  pressure).  These  data 
are  indicated  in  Fig.  54  .  The  variance  in  the  separation  point 
and  the  influence  of  base  pressure  on  the  nozzle  wall  pressures  in  the 
separated  region  is  evident. 

(C)  CCXCU7SI0KS 

1.  The  high  performance  (Cy  ■  90.6  percent)  of  a  contoured,  high  area 
ratio  aerodynanlo  spike  model  with  secondary  flow  has  been  demon¬ 
strated. 

2.  The  theoretical  prediotion  of  nozsle  performance  in  the  closed  wake 
regime  agreed  within  0.1  percent  of  the  experimental  data. 

3.  Additional  analytical  and  experinental  effort  is  required  to  obtain 
a  better  understanding  of  high  area  ratio  nozsle  reeonpreeslon 
phenomenon. 
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figure  58.  Experimental  Wall  Pressure  Profile  with  and  without  Secondary 
Plow.  Conical  Spike  Model 

o. 


4.  The  coat  efficient  method  of  injecting  secondary  flow  that  was 
tested  is  the  recessed  orifice  method,  nowevar,  low  finch  number 
radial-in  and  radial-out  injection  methods,  also  provide  effective 
means  of  injecting  secondary  flow. 

5.  Primary  flow  separation  effects  were  theoretically  determined  for 
the  45  degree  conical  aerodynamic  spike  nozzle,  ihe  method  used 
should  be  of  value  for  analysis  of  other  aerospike  contours. 

EXPERIMENTAL  INVESTIGATION  OF  THE  WAKE 

(U)  A  number  of  experimental  test3  were  devoted  to  surveying  the  aerodynamic 
spike  wake.  An  instrumented  wake  probe  or  "sting"  was  mounted  in  the 
center  of  the  model's  base  along  the  centerline  of  the  aerospike  wake 
flow  field.  The  contoured  model,  fitted  with  the  wake  probe,  is  shown  in 
Fig.  39  .  The  sting  was  equipped  with  six  small  static  pressure  taps 
along  the  surface  of  the  probe.  These  taps  enabled  the  reading  of  wake 
centerline  pressures  during  any  given  run. 

(C)  As  noted  in  the  first  quarterly  progress  report  (Bef.l  ),  there  are  three 
basic  secondary  flow  regimes  of  interest  in  the  closed-wake  aerospike 
base  pressure  problem,  (1)  the  no  bleed  regime,  (2)  the  small  bleed 
regime,  and  (3)  the  large  bleed  regime.  The  wakes  of  these  three 
regimes  were  investigated  for  the  conical  and  contoured  spike  models. 

(c)  The  first  regime  investigated  was  the  no  bleed  regime  at  high  pressure 
ratios.  In  Ref.  1  ,  it  was  stated,  (referring  to  Fig.  40)  upstream 
of  the  base  (Region  1)  the  flow  is  determined  by  the  body  shape  and 
aerospike  throat,  and  details  can  be  obtained  from  a  characteristic 
solution.  In  Region  2,  the  flow  expands  around  the  lower  lip  of  the 
model  and  separates  forming  a  free  shear  layer  with  constant  pressure 
mixing  (subregion  b)  which  separates  the  external  flow  (subregion  c) 
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Aerospike  Plow  Field  Model,  No-Bleed  Regime,  Closed-Wake 


* 

J 

> 

i 

>. 

i 


i 

> 

> 

* 

•» 

v 


c 


rr*'^*^** 

f  ■  'i  "  "1 

l^iuiwU  u 


■’>  f  ■' 

vJ*V*  L 


from  a  "dead  air  region"  of  recirculating  flow  (eubregien  a).  The 
free  jet  boundary  and  ita  adjacent  shear  layer  then  iopingee  cn  tha 
centerline  core  where  the  flow  reottachee  end  recompressee  through  a 
trailing  shock  aeon  rating  regions  2  and  3  . 

(c)  The  first  objective  of  the  wake  prcbe  experiments  on  the  aerodynamic 

spike  was  to  define  the  centerline  wake  pressure  profile  for  the  no 

bleed  case  and  determine  P  _/P. .  The  results  of  the  sting  pressure 

P.&x  D 

measurements  for  the  contoured  and  conical  models  is  shown  In  Pig.  41 
and  42  .  Within  the  base  cavity  the  centerline  pressure  is  equal  to 
the  base  pressure.  Near  the  point  on  the  axis  where  the  shear  layer 
of  the  free  jet  begins  to  impinge  (see  Pig.  40  ),  the  pressure  rises 

rapidly  to  a  maximum.  This  occurs  at  the  point  where  the  inviecid  jet 
boundary  aa  calculated  from  the  characteristics  program,  impinges  on 
the  axis.  The  maximum  pressure  corresponds  to  the  pressure  immediately 
following  the  trailing  shock.  This  ehock  is  produced  by  the  turning  of 
the  incident  flow  field  back  to  a  direction  parallel  to  the  centerline 
of  the  model.  The  pressure  drops  rapidly  after  P_  due  to  tne  dimin- 
ishing  strength  of  the  trailing  shock  caused  by  the  primary  expansion 
wares. 

(C)  When  a  small  amount  of  bleed  (4.5  percent)  was  added  to  the  base  of  the 
conical  spike,  the  base  pressure  increased  and  the  centerline  maximum 
pressure,  as  see «  in  Pig.  42,  decreased  from  a  value  of  P  JP  =  0.012 

n&X  C 

to  a  value  of  P  JP  =  0.0020. 
car  o 

(c)  This  decrease  in  P  ,  is  due  to  the  fact  that  the  angle  of  impingement 
of  the  free  jet  boundary  has  decreased  because  of  the  higher  bae# 
pressure.  A  lower  turning  angle  for  the  primary  stream  meane  a 
smaller  pressure  rise  through  the  trailing  ehock.  Since  ,  in  this 


C7 


CONFIDENTIAL 


caee,  ie  still  higher  than  P^f  thie  indicates  that  the  waks  ia  etill 
in  the  small  bleed  regime,  where  eone  recompression  still  occure.  It 
ehould  be  noted  ihxt  while  4.5  percent  can  be  conaidered  s  "email 
bleed"  rate  for  the  conical  model,  it  definitely  ia  not  "eoall"  for  the 
contoured  model.  Thie  flowrate  pushes  the  contoured  nodel  base  preseure 
into  the  high  bleed  regime,  i.e.,  where  no  recompreesion  pressure  rise 
above  P^  ie  noted. 

(c)  A  picture  of  the  contoured  model  with  sting,  operating  in  the  high 

bleed  regioe  ie  ehown  in  the  Schlieren  photograph  of  the  model  operating 
at  a  pressure  ratio  of  56,000,  (eee  Pig.  43  )•  The  inner  primary  jet 
boundary  first  dips  down,  than  up,  forming  a  continuous  boundary  between 
primary  and  eecondary.  In  Addy'a  thesis  on  ejectore  (Rsf  2  ),  he 

hypothesizes  that  a  stable  solution  for  the  base  preseure  in  this  regime 
is  guaranteed  by  the  criteria  of  choking  of  the  secondary  stream  at  ite 
minimum  area.  Thus,  the  object  of  testing  the  aei-ospike  with  large 
bleed  wes  to  determine  if  Addy'a  criteria  ie  valid.  If  so,  it  then 
would  be  useful  in  obtaining  a  large  bleed  bane  pressure  theory. 

(c)  The  wake  survey  of  the  large  bleed  flow  field  for  the  contoured  model 
is  ehown  in  Pig.  44  .  A  monotonically  decreasing  centerlins  pressure 
ie  noted  outward  along  the  sting  axis.  This  profile  ia  indicative  of 
flow  in  a  choked  nosale.  Ths  Choked  pressure  ratio  corresponding  to  a 
secondary  throat  is  found  for  helium  to  have  a  value  P/P^  =  C.49. 

Prom  the  eting  pressure  measurements,  the  choked  pressure  ratio  occurs 
at  a  distance,  measured  from  the  end  of  the  model,  of  X/Rg  *  1.6. 

Prom  the  Schlieren  of  Pig.  43 ,  the  minimum  area  occurs  approximately 
at  ths  same  distance.  Thue,  it  may  be  concluded  that  Addy'a  hypothesis 
ia  valid  in  the  large  bleed  regime,  i.e.,  choking  of  the  eecondary  does 
occur  at  the  minimum  wake  area  and  may  be  used  as  e  necessary  condition 
for  e  steble  bass  pressure  solution. 
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Pigur#  44.  Centerline  Wnke  Pressuro  Profile  Contoured  Spike 
Configuration  •  large  Bleed 
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conansi. 


(c)  In  summary,  aevoral  significant  conclusions  can  b#  drawn  froa  this 
waka  atudy. 

1.  The  wake  surrey  with  the  1/4*  sting  in  the  no  bleed  regime 
deeoustrtited  the  sharp  pressure  rise  at  reattachment  which 
wake  theoretical  models  qualitatively  predict. 

2.  The  centerline  pressure  profile  in  the  snail  bleed  revise  for 
the  conical  nossle  was  found  to  diminish  considerably  In 
magnitude  froa  the  no  bleed  case  but  a  small  pressure  rise  was 
still  noticeable,  justifying  the  present  analytical  methods  and 
flow  aodel  for  this  distinct  regime. 

3.  Choking  of  the  secondary  flow  was  shown  to  occur  In  the  large 
bleed  regime.  Use  cf  this  evidence  has  been  mads  In  constructing 
a  base  pressure  solution  for  the  large  bleed  regime. 
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SECTION  17 


CCLD-i’LOY  TESTING  07  COKBOSTOR  C0N?IGUR1TI0I3 

lb*  sain  purpose  of  this  cold-flow  test  program  la  to  obtain  experimental 
data  for  aerodynamic  spike  nozzles  having  rarloua  ecabuetor  configurations. 

The  specific  goal  ia  to  couple  closely  tha  effects  of  nozzle  contour,  combustor 
shape,  and  the  use  of  seooadary  gas.  To  accoupliah  this,  a  group  of  nrultichamber 
and  annular  aerodynamic  spike  noszles  was  tested.  The  models  wore  designed  to 
achieve  maxima  performance  representative  of  the  combustor  configuration  so 
that  a  comparison  of  relative  performance  could  m  made.  In  addition,  a 
cold-flow  model  sealed  from  the  not-flrlng  model  was  tested  to  obtain  a  direct 
comparison  between  hot-flow  and  cold-flow  date  for  geometrically  similar  models. 

A  total  of  256  tests  were  achieved.  A  description  of  the  models  tested  and 
of  who  feeet  results  le  presented  herein. 

K0D2L  SELECTION 

The  models  tested  in  this  program  are  listed  in  Table  4.  A  cold-flow  nozzle 
geometrically  scaled  from  10,000  pound  thrust  hot-fiilng  eerospike  nozzle  was 
evaluated  using  various  mothods  of  introducing  secondary  flow  into  the  nozzle 
base  region.  These  models  ate  designated  as  Croup  I,  Nos.  1  through  5. 

The  models  in  Croupe  II  and  III  were  all  of  the  same  area  ratio  (50)  end,  except 
fer  model  9*  of  the  same  total  length.  These  models  were  used  to  investigate 
the  effect  of  combustor  1  figuration  on  aerospike  nozzle  performance.  The  Croup  II 
models  have  continuous  annular  throats  whereas  the  Group  III  models  are  aero- 
spike  nozzles  with  clustered  conventional  bell  chambers  forming  the  combustion 
chamber  and  initial  expansion  surface. 

Table  5  gives  a  length  comparison  for  all  of  the  models  referenced  to  both  perecent 
length  of  a  15  degree  half  angle  conical  nozzle  end  an  ideal  spike  no*zlc. 

Nodule  ares  ratios  are  given  for  comparison  to  overall  cluster  area  ratio  of 
the  multlchjabore.  Tha  modele  are  discussed  in  the  following  pages. 
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P...  a>i  Hot-Firing  Kodil 

(U)  A  guoas*  trie  ally  sealed  Torsion  of  tha  10,  Compound  throat  hot-firing 

modal  evaluated  in  this  program  ass  designed  and  teated.  This  nodal 
was  selected  to  provide  a  direct  coaparicon  of  data  between  geoaitrioally 
aiailar  hot-firing  end  cold-flow  aodels  and  to  provide  additional  design 
information  with  regard  to  efficient  methods  of  introducing  secondary 
flow  into  the  base  region.  The  nozzle  is  an  ideal  (isan tropic)  contour 
(  f  =  1.25)  truncated  to  a  length  which  is  12  percent  of  a  15-degreo 
conical  nozzle  with  «ffi€#of  25.  The  Model  la  shown  schematically  in 
ng.  15  with  the  ratL.  V.j’vard  base  configuration  mounted.  v'toi1"  base 
injection  methods  tested  include:  a  recessed  radial-outward  injection 
configuration  which  is  obtained  by  placing  the  circular  pUU  (2)  flush 
with  the  nozzle  exit  and  recessing  plate  (l)  within  the  cavity;  open 
base  injection  with  the  base  plates  removed;  and  two  conical  nozzles 
replacing  the  injection  orifice  (3)  which  inject  secondary  flow  super¬ 
sonically  into  the  base  region.  The  aseabled  node!  is  sham  in  Fig.  46 
with  the  various  secondary  gas  injection  devices  displayed  to  the  right 
of  the  aodel.  The  two  coaponents  at  the  top  are  tha  supersonic  nozzles. 
Below  these  rozzles  are  two  ft-hole  orifices  for  controlling  the  secondary 
flow  for  all  configurations  other  than  the  supersonic  nozzles.  The 
second  row  froa  the  bottca  contains  the  two  coaponents  required  for 
either  the  radial-inward  or  radial-outward  configuration.  The  spacer 
required  for  the  radial  outward  configuration  is  at  the  botton  right  of 
the  photo.  A  flat  porous  plate  (riglnesh)  mounted  flush  with  the 
nozzle  exit  vns  also  used.  This  plate  is  at  the  bottom  left  of  the 
group. 
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Figure  45.  Cold-Flow  Modal.  Scaled  Version  of  10,000  Pound  Thrust  Hot-Firing  Chaabar 
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Aaealic  Mbhb  Mila. 

(u)  Two  o on timimi*- threat  annular  referenoa  models  vara  testedi  ana  is  a 
"point  expansion"  design  and  the  other  ia  "shrouded".  They  ara 
illustrated  Is  fig.  47*  The  assembled  point  expansion  aoatla  ia 
ahown  ia  fig.  48  and  tha  shrouded  nozzle  assembly  ia  ahoira  In  fig.  49. 
Xaeh  of  these  nodala  waa  designed  for  an  area  ratio  of  50  and  an  axial 
length  frcn  tha  outer-throat  expansion  point  equal  to  30  percent  of  a 
15-degree  conical  nozzle  of  the  sane  area  ratio.  Tha  contour  for  tha 
point-expansion  noxsla  vaa  developed  by  generating  an  ideal  spike 
contour  with  an  area  ratio  of  50  and  a  V  of  1.4  and  subsequently 
truncating  it  to  30  percent  length. 

(u)  Tha  threaded  «nmn»r  nozzle  waa  designed  to  approximate  the  type  of 
shroud  for  a  typical  hot-firing  nozzle  using  storable  propellants. 

Proper  shrouding  of  annular  nozzles  will  provide  expansion  conditions 
which  are  favorable  for  maintaining  chemical  equilibrium  (shifting 
equilibrium).  The  selected  shroud  »sa  an  annular  cons  shape  with  a 
10  degree  divergence  half  angle.  Tha  nocsls  vaa  shrouded  to  an  area 
ratio  of  3  and  the  oenterbody  was  designed  to  give  good  primary  flow 
field  and  base  pressure  characteristics. 

(U)  The  design  of  shrouded  spike  oontsurs  is  different  from  the  point 

expansion  spike  nozzle,  for  the  point  expansion  nozzle  the  enter  flow 
perimeter  freely  expands  at  the  throat  to  eabient  conditions,  for 
the  shrouded  nozzle  the  expansion  of  the  outer  flow  perimeter  is  contained 
from  the  throat  by  a  physical  surface  of  short  axial  length.  The 
shrouded  spike  design  procedure  generates  spike  contours  based  on  a 
selected  shroud  inclination  angle  and  shroud  configuration.  Tbs  steps 
followed  to  design  thi  shrouded  nozzle  were  (refer  to  fig.  50)t 

a)  A  shroud  inclination  angle  &  for  the  10  degree  half  angle 
com  shroud  was  selected  baaed  an  previous  work  (fig. 50s). 
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b)  The  flow  net  (fig.  50b)  vu  computed  to  the  end  of  the  shroud 
using  the  sethod  of  oherectsrlstloe  for  axisyaaetric  flow* 

-)  The  left  characteristic  line  (input  line)  from  the  point  on 
the  contour  corresponding  to  the  end  of  the  shrouded  portico 
of  the  contour  was  extended  by  turning  the  flow  about  the  end 
of  the  shroud  in  an  expansion  fan  (fig.  50c)* 
d)  The  extended  left  characteristic  line  wes  used  to  generate 
a  series  of  optimal  (aaxima  thrust)  control  surfaces,  each 
surface  defining  a  nozzle  of  different  length.  By  computing 
the  characteristic  net  between  the  control  surfsce  and  the 
input  line,  the  nozzle  contour  vaa  developed. 

The  above  design  procedure  can  produce  a  eet  cf  contours  (various 
lengths)  for  a  selected  shroud  inclination  angle.  The  inclination  angle 
■ay  be  varied  arbitrarily  within  certain.  Unite,  with  a  different  set 
of  contours  resulting  for  each  P  angle  selected.  The  beat  inclination 
angle  is  dstermined  by  dssigning  contours  for  several  inclination  angles 
and  selecting  the  angle  that  gives  highest  perfomnc*.  In  this  case 
the  results  of  a  previous  study  indicated  that  a  good  p  angle  for 
these  conditions  was  -30  degrees. 

A  different  nozzle  length  results  for  each  different  point  on  the  input 
line  selected  to  generate  a  design.  The  shrouded  annular  nozzle  contour 
selected  consisted  of  an  CO  percent  length  optima  nozzle  truncated  to 
30  percent  length.  This  nozzle  vu  selected  froa  a  series  of  contours 
of  various  lengths  as  the  contour  yielding  the  best  combination  of 
prlaery  performance  and  base  pressure. 


KultlchAaber  Models 

Three  basic  eultlchsmber  Models  were  tested,  the  8  touching,  8  spaced  and 

16  touching  sodels  (listed  in  Table  4).  The  8  touching  models  had  two 

basic  configurations,  l.e.,  zero  osntsrbody  length  and  a  spike  oenterbedy 

extended  to  30  percent  length.  Two  configurations  vers  tested  for  the 

16  touching  aodel;  one  w*u»  open  spaces  between  the  nodules  end  cos  with 
a  filler  plate  between  nodules. 
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She  typical  Model  usably  1*  Illustrated  la  Fig.  51*  **ch  model  h*e  sa 
overall  cluster  ere*  retit  of  50  (determined  by  9^  la  Mg*  52),  end 
utilise*  60  peroent  length  individual  bell  chambers  in  ite  respective 
darter.  A  cylindrical  abroad  tangent  to  the  individual  (dumber  exits 
enelosec  to  aultichambere,  Each  bell  wav  designed  far  msTtwae  thrust 
with  sir.  Assemblies  of  the  8  chambers  touching,  8  chambers  spaoed  end 
16  charters  touching  ml tl chamber  models  ere  ehovn  In  Fig*.  53,  54,  end 
55. 

ill  of  the  configurations  exoept  models  Humber  1H-8  and  HI-9  have  spike 
oenterbedies  of  sufficient  length  to  provide  an  overall  length,  1^, 
equal  to  30  peroent  of  t  15-degree  conical  noscle.  Figure  53  shorn 
model  in-10  vith  the  30  percent  spike  installed  end  the  model  XU-9 
oenterbody  (no  spike  extension)  in  the  lover  right  hand  corner  of  the 
photo.  Model  III-8  is  e  stripped  down  version  of  modal  IH-9  and  is 
shosn  installed  in  the  2K2F  in  Fig,  56,  The  prooedure  used  to  design 
the  multi chamber  models  will  be  dieeuased  belev. 

The  following  equation  (derived  in  Kef.  3)  which  describes  the  inter¬ 
relationship  of  the  clustering  gecaetrio  variables  was  used  to  design 
the  multichaaber  nodule. 

_fa—  -  1  f(l  +  <*/P.  )  Cos  fljp 

*  M  Sin  (irotan  Cos  flip  Tan  190*7 


+  Cos  0, 


' 
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Figure  53*  Eight  Chamberu  Touching  Multi chamber, SCI; 


I 


Figure  56.  RNTF  Installation  of  Stripped  Down  Version  of  Bight 
Chamber  Touching  Multichamber* 


(U)  Referring  to  ;'ig.  52,  the  first  step  in  designing  a  aultichaaber 
nodel  ia  to  select  independently  the  number  of  chaabeus  If,  the  gap 
spacing  b  ,  snd  the  overall  area  ratio  T*o  quantities  murt  then 

be  deterol:»ed  simultaneously,  the  aodular  exit  area  ratio  and  the 
tilt  angle  0^.  To  do  this,  a  nodule  exit  area  ratio  is  first  assuned. 
The  tilt  angle  is  then  detercined  froa  the  difference  between  Prandtl- 
Meyer  angles  corresponding  to  the  cluster  or  overall  area  ratio 
{  *>  50  in  this  case)  and  the  nodule  area  ratio.  Vow  that  the  tilt 

angle  is  known  a  new  nodule  exit  area  ratio  can  be  calculated  froa  the 
above  equation.  The  process  is  repeated  until  sufficient  accuracy  le 
obtained. 

(U)  The  tilt  angle  and  nodula  area  ratio  have  now  been  fixed  and  the  radial 
dimension  of  point  a  (Fig.  57  )  is  determined.  An  ideal  spike  ia 
designed  for  the  .iane  area  ratio  as  the  overall  or  cluster  area  ratio 
of  tfca  suiltiehaaber  as  if  it  h»d  s  point  expansion  about  point  c. 

Point  b  is  than  selected  at  the  sane  radial  distance  as  point  a  and 
the  ideal  contour  ia  translated  axially  so  that  point  a  and  b  coincide. 
The  ideal  contour  is  then  t  nines  ted  at  the  desired  length.  Thia  gives 
a  relatively  good  natch  in  angle  between  the  module  and  the  spike  at 
point  a. 

(y)  Thia  process  was  carried  out  for  all  of  the  multichanber  nozzles  with 
spike  extensions.  For  the  two  models  with  8  chambers  the  theoretical 
contours  were  approximated  by  conical  spikes,  the  difference  in  per¬ 
formance  being  only  0.01  percent. 
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(U)  a  total  of  256  tasta  were  conducted  during  a  6-week  period.  All  of  the 
configurations  were  tooted  over  s  pressure  ratio  range  approximating 
aoa  level  to  design  preaeure  ratioe.  The  effect  of  secondary  flow  wee 
investigated  for  all  configurations  over  the  entire  pressure  ratio 
range.  Interest? ital  (i.a.)  bleed  vas  used  for  the  multichamber 
configurations  i.  Edition  to  secondary  flow. 

(U)  Model  1-3.  the  t  ualed  hot- firing  sodel.  wae  tooted  using  both  air  and 

CP.  gas.  Several  secondary-flow  injection  net  hod  e  were  investigated 
4 

for  the  ecaled  hot-firing  sodel.  , 


Performance  Calculations 


(U)  Primary  flow  field  theoretical  performance  was  calculated  for  the 

annular  models  uaing  the  method  of  eharacterlatice  (Ref  4  and  5)  for 
the  potential  flow  and  the  Integral  momentum  equation  for  the  drag 
loeeea  (Ref  6  through  9 ) .  Solutions  for  both  the  potential  flow  field 
and  drag  loss  have  been  developed  on  electronic  computer  programs  used 
at  Roclcetdyne.  Overall  performance  was  then  predioted  by  adding  the 
contributions  from  experimental  base  pressure  and  ambient  drag  loss. 
Total  nozzle  performance  ia  obtained  by  a  summation  of  all  contributing 
factors  which  are  listed  as  follows j 
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lfo  aisle  efficiency,  C'T  ,  is  then  calculated  by  comparing 

Ideal  C-  at  a  clrcn  pressure  rntio,  P„/P  • 

opt  a  0 


to  the 


(U)  C_  la  obtains’'  ir.  a  slightly  different  Banner  for  the  experimental 
rtot 
data. 


In  vhich 


»  total  measured  ferce 
■  flowmeter  chamber  pressure 

*  f  lot.' me  ter  throat  area 
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•  flowmeter  throat  discharge  coefficient 
■  flowmeter  chamber  temperature 

*  modol  chamber  temperature 

sr  flowrotor  weight  flow  coefficient 
-  model  weight  flow  coefficient 


(U)  Since  A*  =■  C_  A.  all  experimental  performances  are  presented  with 
Rod  3  t 

respect  to  the  aerodynamic  throat  area,  rather  than  A^,  the 
geometrical  throat  area,  waa  also  used  in  calculating  theo¬ 

retical  performance  in  order  to  be  consiatant, 

(U)  Critical  data  for  nil  of  the  models  io  tabulated  in  Appendix  3. 


Scaled  Hot-Firing  Model  -  Air  Testa 
(U)  The  principal  objectives  of  the  tests  with  this  model  were: 

1.  Tletermine  the  overall  noxsle  performance,  with  nnd  without 
secondary  flow  over  an  altitude  range  from  sea  level  to 
design  altitude. 

?.  Te3t  several  base  configurations  and  evaluate  secondary-flow 
-njecciou  methoda, 

3.  Determine  nocsle  performance  and  base  pressures  using  a  gas, 
CF<t  having  a  ratio  of  specific  heats  which  approximates  that 
of  hat-fi~ing  gaaos.  Compare  these  C?^  data  with  the  air 
data  and  the  data  to  be  obtained  in  the  hot-firing  program. 
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The  open- base  model  was  first  tested  with  air  over  a  pressure  ratio 
ranee  froa  20  to  600  '  (design  pressure  ratio  is  approximately  515 ) 
without  secondary  flow,  A  reference  performance  with  secondary  flow  was  - 
then  obtained  with  the  same  model  by  varying  the  secondary  flow  -ate  at 
pressure  ratios  of  55,  170,  and  540.  The  secondary  flow  giving  maximum 
efficiency  at  each  pressure  ratio  was  determined.  Secondary  flow  was 
introduced  using  an  8-hole  orifice  receBsed  within  the  open  base 
(Component  3  in  Pig.  45,p.79)«This  configuration  (Model  1-3,  Table  4,  p.76) 
is  used  as  a  reference  for  comparison  with  the  other  base  configurations 
and  injection  methods. 

Tests  were  then  performed  with  air  using  the  other  base  injection 
methods.  These  were  the  radially-in,  radially-out,  porous  plate  and 
supersonic  nozzle  configurations  (see  Table  4,P*76).  The  supersonic 
nozzle  configuration  consisted  of  secondary  flow  being  injected  through 
each  of  two  conical  nozzles  of  area  ratio  3.5  and  15  respectively. 

Each  configuration  was  tested  at  pressure  ratios  of  35,  170,  and  540 
using  the  optimum  recondary  flowrate  determined  from  the  open-base 
configuration  tests. 

The  results  of  the  RNT?  (Rocket  Nozzle  Test  Facility)  tests  are  shown 

in  Pig.  58  md  are  tabulated  in  Appendix  3 .  Near  design  pressure  ratio 

(P  /P  s  «?40)  the  thrust  efficiency  was  96.5  percent  with  the  open 
c  a 

base  cot  figuration  and  no  secondary  flow.  For  the  open  base  configuration 
secondary  flow  (air)  was  varied  from  0  to  3  percent  of  primary  flow  with 
a  resulting  nozzle  efficiency  peak  of  97.6  percent  (see  Fig.  59  ) 
occurring  at  2  percent  secondary  flow.  These  efficiencies  with  air  are 
lower  than  usually  expected  because  the  contour  is  designed  for  f  ■  1.25. 
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Base  Flow,  P  ercent  cf  Primary 

Figure  59,  Performance  vs  Base  Flow  Rats,  Scaled  Hot-Firln.  ..oriel 
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(C)  Figure  59  shows  that  tha  poroua  plate  baa*  fir# a  essentially  tha  same 

performance  aa  tha  open  cavity,  tha  radially-out  baa a  gives  vary  nearly 
tha  same  performance  aa  tha  opan  cavity  shoving  alight ly  lovar  perfor¬ 
mance  at  design  pressure  ratio  but  slightly  higher  performance  at  tha 
lover  preasure  ratios.  A  significant  drop  in  perforaanca  is  exhibited 
by  tha  radially-in  base  at  design  pressure  ratio  and  tha  wake  closing 
point  (pressure  ratio  170).  Both  base  supersonic  nozzles  exhibit  low 
performances  throughout  the  operating  range. 

(C)  Figure  60  presents  Schlieren  photographs  of  testa  vith  tho  various  ossa 
configurations  st  spproximately  the  same  secondary  flov.  The  only 
configuration  exhibiting  a  perceptably  different  base  flov  field  was 
the  supersonio  injection  model  where  the  supersonic  secondary  flow 
field  shocks  are  readily  seen. 

(C)  Referring  to  the  efficiency  curve.  Fig.  5$  it  can  be  observed  that  a 
performance  dip  occurs  at  a  pressure  ratio  of  approximately  170.  the 
point  at  which  the  base  flov  charges  from  the  closed  to  the  open-wake 
regime.  This  point  is  further  verified  by  observing  the  base  pressure 
vs  pressure  ratio  plot.  Fig.  61  ,  where  the  base  pressure  remains  steady 
above  a  pressure  ratio  of  !70.  Introduction  of  secondary  flow  at  this 
pressure  ratio  gives  substantial  performance  increases  for  the  opan. 
radially-out  and  mdially-in  base  configurations.  Both  tha  open  base 
and  the  radially-out  base  give  a.  performance  inorease  of  about  1.5 
percent. 

0  •  0  9  0  0  9  0.  0  * 

(C)  At  a  pressure  ratio  of  about  55,  snail  gains  in  efficiency  vara  noted 
with  addition  of  base  bleed  with  all  base  configurations  except  the 
supersonic  injection.  For  all  pressure  ratios  the  options  secordary 
flow  appears  to  be  between  1.5  and  2.5  percent  of  primary  flow. 
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Figure  go.  Schlieren  Photographs  of  Various  Base  Configurations, 
^  m  2~> ,  Sealed  Hot-Firing  Model 

104 


CONFIDENTIAL 


Ml 


10  20  50  100  200  500 
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Figure  61.  Baae  Preaaure  Cure*  for  Sealed  Hot-Firing  Model 
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(C)  The  performance  of  a  fixed  expansion,  80  percent  length  ball  of  24.54 
area  ratio  la  shown  for  comparison  in  Tig*  58  •  The  ball  performance 
was  computed  using  a  nozzle  vacuum  efficiency  of  98.56  percent  and  a 
constant  drag  loss  equal  to  0.9  percent  of  the  theoretical  vacuum  thrust 
coefficient.  These  values  were  determined  fre*  bell  nozzle  theoretical 
efficiency  curves  and  theoretical  drag  computations  for  a  27.5  area 
ratio  Ji2  cold  flow  no  del  of  the  same  six*  and  operating  at  the  same 
chamber  pressure. 


The  efficiencies  of  the  bell  and  the  aero spike  are  the  ease  at  design 
pressure  ratio  even  though  the  bell  nozzle  length  is  6.6  times  greater 
than  the  aero  spike.  At  a  pressure  ratio  of  100  (  **20  percent  of  design) 
the  fixed  expansion  bell  has  an  efficiency  of  91*3  percent  compared 
to  95*8  percent  for  the  altitude  compensating  aero  spike.  At  a  pressure 
ratio  of  50  (10  percent  of  design  pressure  ratio)  the  fixed  expansion 
bell  efficiency  has  dropped  to  78.7  percent  compared  to  94.8  percent 
for  the  aeroapike.  It  should  be  noted  that  advanced  booster  engines 
initially  operate  at  10  to  15  percent  of  design  pressure  ratio.  A 
16  percent  length  aerospike  designed  for  air  was  tested  with  air  under 
NASA  contract  (Ref.  11)  and  yielded  design  efficiencies  of  98.li  percent 
with  secondary  flow  and  97*2  percent  without  secondary  flow  demonstrating 
design  efficiencies  substantially  higher  than  a  comparable  80  percent 
length  bell.  This  comparison  clearly  demonstrates  that  a  short 
aerodynamic  spike  nozzle  is  at  least  comparable  in  performance  to  an 
80  percent  length  bell  at  design  pressure  ratio  and  has  considerably 
higher  performance  than  the  bell  at  lower  then  design  pressure  ratio. 
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The  open  base,  radial If- in,  radially-oui  and  tba  porous  plat#  base 
plat##  all  showed  relatively  good  bate  pronaura  ineroaaoa  with  intro¬ 
duction  of  aeoondary  flow  (ate  Fig.  6l).  tali  resulted  in  not  ineroaaoa 
in  offieioneioa.  However.  tho  supersonic  baoo  injection  showed  Tory 
little  or  no  increase  in  base  pressure  in  nost  cases.  Thus,  when  the 
performance  was  charged  with  the  additional  aaas  flow  for  the  bass, 
a  performance  lose  resulted. 

Theoretical  rad  experimental  wall  pressures  for  this  notsls  are  pre¬ 
sented  in  Fig.  62  •  Bear  the  throat  (x/R**0)  agreement  between  data 
and  theory  is  not  as  good  aa  further  down  the  noasle  contour.  This 
occurs  because  the  pressure  gradient  near  ths  throat  is  steep  and  even 
small  diameter  pressure  taps  cover  a  significant  portion  of  the  actual 
pressure  range.' 

The  pressure  profile  down  to  a  pressure  ratio  of  61  was  constant. 

Below  61  a  pressure  rise  was  noted  along  the  contour  due  to  nozsle 
reeomprssslon.  Since  at  low  pressure  ratios  these  pressures  did  not 
change  with  secondary  flovrats,  it  can  be  concluded  that  the  flow  did 
not  separate  from  the  contour.  This  is  also  evidenced  by  observing 
the  Schliersn  photographs-  (Fig.  63  ). 

Scalsd  Hot-Firing  Model  -  CF1  Testa 

Tan  testa  were  conducted  using  CF^  gas  aa  the  test  fluid.  All  testa 
warm  performed  with  the  open  base  configuration.  In  addition  to  achieving 
high  performance,  this  conf :guratlon  allows  a  more  reliable  determina¬ 
tion  of  average  base  pressure.  The  base  pressure  is  relatively  uni¬ 
form  across  the  faee  of  the  cavity  and  a  good  average  base  pressure  is 
easily  obtained. 
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(e)  Vp»  *  *»  (d)  Pc/P*  "  35 

Ug  •  o*  •  2% 


*  inure  63.  Schlieren  Photographs  on  Scaled  Bot- 

Firins  Spike  Hoasle,  %  -  l.li  .  Open  Dane 
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(U)  Tn  the  initial  phase  of  the  testing,  it  van  necessary  to  determine 
if,  and  under  what  conditions,  condensation  of  CF^  would  occur  in  the 
flow  field.  This  was  found  necessary  since  examination  of  a  pressure- 
enthalpy  diagram  (see  Fig.  6I4  )  for  CP^  indicated  that  in  the  expan¬ 
sion  process,  the  pressure  ar.d  temperature  could  fall  inside  the 
saturation  region.  Por  example,  starting  at  a  chamber  pressure  of  150 
psia  At  a  temperature  of  70  deg  P  and  ieer. tropically  expanding  over  the 
design  pressure  ratio  of  253 ,  the  process  end  point  (the  dashed  lino  in 
Pig.  6i|  )  falls  just  inside  the  saturation  region.  Since  condensation 
could  affect  the  base  pressure  values,  initial  tests  at  chamber  pressures 
of  50,  100,  and  150  psia  were  conducted  to  determine  the  operating 
conditions  required  to  avoid  condensation.  Ac  ultraviolet  light  was 
projected  across  the  flow  field  to  detect  droplet,  formation.  Polaroid 
photographs  were  taken  ar.d  vi3u.nl  observations  were  made  for  each  te3t. 

(C)  At  a  chamber  pressure  of  ISO  noia,  condensation  was  observed  to  occur 
about  tvo-thirds  of  e.n  exit  diameter  downstream  of  the  exit  of  the 
nozzle  (foggy  region  to  the  left  of  the  nozzle  in  Fig.  6I1  ).  When 
the  chamber  pressure  was  reduced  to  approximately  100  p3ia  (it  core 
favorable  exoanaion  as  shown  on  the  pressure-enthalpy  diagram)  no  con¬ 
densation  was  observed.  All  further  OP^  testing  was  performed  at  or 
below  a  chamber  pressure  of  100  psia.  The  values  of  P./P_  were 
0.0056,  O.CO66  and  0.0067  for  ?c  values  of  50,  100  and  150  respectively. 
Thus  it  appeared  that  condensation  had  negligible  effect  on  br.ee 
pressure.  In  all,  eight  testn  were  Performed  with  no  secondary  flew 
over  a  pressure  ratio  range  of  35  to  290  and  two  tests  were  ner- 
fonsed  with  secondary  flow  near  design  pressure  ratio.  Date  for  them# 
tests  is  tabulated  in  Appendix  3  and  summarised  in  Pigs.  65  and  66. 
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(C)  Figure  65  shows  the  performance  of  the  6Q#  ■  24.26  nozele  using  CF^» 
Maximum  performance  attained  at  design  pressure  rotio  (253)  was  95.6 
percent.  This  was  increased  to  96.8  percent  by  addition  of  1.7  percent 
C?j  base  bleed.  Examination  of  the  base  pressure  curve,  Fig,  66  , 
shows  the  value  of  to  remain  at  0,0067  down  to  a  pressure  ratio 

of  approximately  120.  At  this  point  the  base  pressure  starts  to  rise 
because  the  wake  opens, 

(C)  One  of  the  principle  reacons  for  testing  with  CF^  was  to  have  a  cold-flow 

gas  with  a  f  similar  to  that  of  the  hot-firing  model.  Upon  examluing 

several  gases  CF^  appeared  to  be  the  moot  reasonable  wee  to  use.  It 

hud  the  necessary  low  T  and  could  bo  expanded  to  a  low  enough  pressure 

without  changing  state.  The  equivalent  Y  for  the  hot-firing  model  is 

1.25.  At  the  time  of  selection  of  OP^,  available  information  indicated 

that  the  f  of  this  gas  would  be  close  to  1.25.  Since  this  ia  a 

relatively  new  gas  Available  on  a  commercial  basis,  relatively  little 

physical  data  waa  available  until  some  time  after  tho  model  was  tested. 

The  data  shows  that  Y  has  a  very  wide  variation  from  the  chamber 

condition  to  the  ambient  condition.  Por  example  at  P  »  100  pole  and 

c 

*  530  degrees  Rankins,  Y  •  1.18.  Expanding  to  -  0.2  psia 
isentropically  results  in  a  Y  «  1.30.  This  makes  it  quite  difficult 
to  arrive  at  ah  equivalent  constant  Y  to  use  in  an  analysis  involving 
the  assumption  of  m  perfect  gas. 


(U)  A  parallel  effort  was  simultaneously  oonducted  at  Rocketdyne  evaluating 
the  properties  of  CF^  gas.  In  this  effort  it  was  found  that  it- would 
be  necessary  to  arrive  at  an  .ideal  thrvst  coefficient  (cyopt)  Tor  a 
given  expuntion  process  by  considering  the  nctual  enthalpy  change  of 
the  gas  rather  than  calculating  the  ideal  thrust  coefficient  from  the 
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usual  one-dia«nsional  ideal  (as  aquations  assuming  a  constant  1  and 
pressure  ratio.  Ths  set hod  arrived  at  is  summarised  in  Appendix  fc. 
Using  ths  rtal  gas  properties  a  Cyopt  is  arrived  at  for  a  particular 
sat  of  conditions  (Pq(  Tq,  P^,  AS  -  0)  and  is  used  in  calculating 
nossla  sffioiency. 


These  are  the  experiaental  values  shown  in  Fig.  65.  In  this  figure 
is  also  shorn  the  theoretical  performance  curve  (using  experiaental 
bass  pressures)  for  ths  f  *  *  24.26  nostls.  The  analysis  for  f  *  1.2 
fell  shove  ths  experiaental  curve.  The  aaount  of  deviation  is  approx¬ 
imately  0.6  percent.  This  deviation  oould  he  caussd  hy  ths  accuracy 
limitations  of  the  CF^  properties.  Reference  10  indicatee  that  accuracy 
la  limited  hy  the  equation  of  state  used. 


(U)  A  representative  value  of  V  for  the  operating  range  over  which  the 
nossle  was  tested  was  found  to  lie  soeevhere  between  1.20  and  1.21 
(from  the  CF^  propertiee).  The  repressntatlve  1  is  calculated  froa 
the  real  gas  Cy  froa 

opt  j  {  - 7 IT-" 


The  real  gas  C.  and  the  pressure  ratio  are  substituted  in  the  above 
*opt 

equation  and  the  equation  is  solved  for  ( •  This  value  of  I  is  called 
ths  prooeaa  f. 
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(c)  xtu  performance  of  •  fixed  expansion,  80  percent  lenfth  bell  of  24.26 
ere*  ratio  Is  shown  for  ooapariaoa  in  fig.  65.  fits  bell  perforates 
was  computed  using  a  aossle  vacuus  efficiency  of  98*56  percent  and  a 
constant  drag  loss  equal  to  0.8  percent  of  the  theoretical  vacuus  thrust 
coefficient.  Those  values  were  determined  from  bell  nozzle  theoretical 
efficiency  curves  and  theoretical  drag  computations  for  a  similar  cold 
flow  bell  nozzle. 

(C)  The  efficiency  of  the  80  percent  length  bell  nozzle  at  design  pressure 

ratio  is  97*6  percent  compared  to  96.8  percent  measured  for  the  12  percent 
length  atroapike.  The  0.8  percent  lover  performance  for  the  aerosplke 
tends  to  indicate  that  for  lower  f  gases  somewhat  longer  aerosplke  lengths 
are  required  to  achieve  efficiencies  equal  to  a  bell  at  design  pressure 
ratio.  However,  the  theoretically  predieted  Gj  (using  Measured  base 
pressures)  for  the  aerosplke  is  also  0.6  percent  higher  than  the  measured 
▼slues.  Usually  this  type  of  theoretical  prediction  agrees  with 
experimental  data  within  0.25  percent.  If  the  theoretical  values  are 
more  nearly  correct  the  aerosplke  with  secondary  flow  is  only  0.2  percent 
lower  performing  at  design  pressure  ratio  than  the  bell.  Theoretical 
analysis  of  this  aerosplke  nozzle  Indicates  that  a  gain  of  approximately 
1.1  percent  in  efficiency  at  design  pressure  ratio  would  be  achieved  by 
increasing  the  aerosplke  length  from  12  percent  to  25  percent  (both  12 
percent  and  25  percent  lengths  will  be  tested  in  the  hot-firing  phase 
of  this  program).  This  would  result  in  design  efficiencies  between 
97.9  and  98.5  depending  on  whether  the  gain  la  added  to  the  experimental 
or  to  the  theoretioal  aerosplke  performaaoe  ourro. 
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(C)  At  a  design  pressure  ratio  of  100  (40  percent  of  design  pressure  ratio) 
the  bell  performance  is  approximately  0.5  percent  higher  than  the 
experimental  aero spike  performance  without  secondary  flow.  Based  on 
the  similar  affect  of  secondary  flow  on  performance  for  thie  model  with 
air  and  CF^  it  is  expected  that  CT^  secondary  flow  would  increase 
performance  between  1.0  to  1.5  percent  at  a  pressure  ratio  of  100 
bringing  the  experimental  aero spike  performance  from  0.5  to  1.0  percent 
above  the  bell.  Die  previous  comments  about  the  uncertainty  of  the 
experimental  performance  and  the  performance  effecte  of  a  longer  nozzle 
length  also  apply  at  this  pressure  ratio  and  would  further  increase 
the  performance  advantage  over  the  bell  to  approximately  2.0  to  2.5 
percent. 

(C)  At  a  pressure  ratio  of  50  (20  percent  of  design  pressure  ratio)  the 
fixed  expansion  bell  performance  is  84.4  percent  coeipared  to  94.1 
percent  for  the  experimental  aerospike  without  secondary  flow. 
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(C)  Theoretical  and  empirical  methods  of  detaraiaing  but  pros  sura*  have 
boon  developed  (Hof  11}  and  art  in  use  at  Kockatdyae.  Tha  thaoratieal 
methods  ara  sub- grouped  into  three  aaparsta  flow  racinaai  (l)  aaall 
blood,  olosed-wake,  (2)  largo  blood,  choked  flow  through  tha  wake 
recompreaeion  sona,  and  (3)  open -wake, low  praaaure  ratio.  Eegimea  (l) 
and  (2)  ara  at  high  nosslo  0 pa  rating  praaaure  ratioo,  preventing 
ambient  pressure  froa  eoaeunieating  with  tha  baoo.  Eogiaa  (3)  io  at 
low  pressure  ratios,  giving  a  largo  base  flow  core  whioh  is  not  choked. 

(C)  Tha  essential  difference  between  the  snail  blood  and  largo  blood 

theorieo  ia  in  the  recoapreesion  neehanisn  whore  the  wake  coalesces. 

For  snail  blood  there  is  a  recirculation  of  the  baoo  flow  froa  the 
recospresaion  zona  back  into  the  baoo  flow  region.  As  the  blood  rata 
increases  the  aaount  of  racireulation  ia  reduced  until  no  recirculation 
occurs  but  outflow  froa  the  base  region  through  the  recoaprassion  sona 
is  the  prevailing  aoda.  The  exact  transition  point  ia  not  sasiljr  deter* 
mined  but  corresponds  roughly  to  the  aaxiaua  performance  point  in  a 
performance  vs  base  bleod  curve  (See  Fig.  59  ). 

(C)  Data  of  the  hot-firing  model  for  the  open  cavity  baae  has  been  re- 
plotted  in  Fig.  67  ,  68  and  69  along  with  the  theoretical  predictions 
of  baae  pressure  for  this  nossle.  For  the  air  testa,  tha  tranaitloa 
froa  aaall  to  largo  blaed  ia  shorn  to  occur  at  •A  ■  1.$5  psreent. 

Thia  con  pares  to  a  asxiauu  efficiency  point  on  Fig.  $9  of  ■  2.0. 

The  aaaa  theory  applied  to  tha  CF^  gas  taste  la  shown  in  Fig.  68. 
Agreement  in  both  casts  ia  good. 
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68.  Base  Pressure  vs  Percent  Base  Bleed  for  Closed-Wake  Flow, 
Sealed  Hot-Firing  Nodal.  CFt,  Heats 


(c)  The  open-wake  theory  was  applied  *o  the  mum  nossla  at  a  pressure  ratio 
of  P e/P>  »  61 .  In  this  cste  tha  theory  pradiotad  prasaurea  slightly 
higher  than  tha  data  (Pig.  69  )•• 


(U)  Tha  principal  objective#  of  testing  tha  continuous-throat  annular 
refe'-'nce  sodala  (  ■  50 )  uerai 

1.  Determine  performance  for  both  ahrouded  and  unahroudad 
eontinuoua-throat  aerodynaoic  spike  nozslea  over  a  vide 
pressure  ratio  range  with  and  without  secondary  flow  for 
cotaparison  with  tha  aultichaaber  parforaanca. 


2.  Record  base  pressures  for  comparison  with  aultichaaber  base 
pressure  values. 

3.  Determine  the  ambient  pressure  compensating  characteristics 
of  these  nosslaa. 

These  node Is  were  tested  (with  air)  over  a  pressure  ratio  range  froa 
100  to  <500  and  a  secondary  flow  (air)  range  froa  0  to  3  percent 
of  primary  flow.  Secondary  flow  waa  introduced  froa  an  annular  orifice 
recessed  within  the  eenterbody.  An  open-cerit  jase  configuration  waa 
used  throughout  the  tests.  Fifty-six  teste  were  accomplished  with 
theee  model a. 
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Figure  69.  Base  Preaaure  ra  Percent  Base  Bleed  for  Open-Wake  Flow 
Sealed  Hot-Firing  Model 
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(C)  Performance  results  of  cold-flow  testing  of  tho  point  expansion  aodol 
(aodol  1 1-6,  Table  3),  are  shown  in  Pig.  70  and  in  Appendix  3.  Exper¬ 
imentally,  tho  noiilo  effioieney  roichod  a  value  of  96.6  percent  at  a 
preseure  ratio  of  1375  and  no  s«oondary  flow. 

(C)  The  performance  at  design  pressure  ratio  (1375)  peaked  at  96.8  with  the 
addition  of  0.9  percent  secondary  flow  (See  fig.  71 ).  Efficiency  gains 
were  eaall  since  the  nossle  (30  percent  length)  already  has  a  high 
effieienoy  without  secondary  flow,  leaving  little  aargin  for  improve¬ 
ment.  However,  when  secondary  flow  is  available  this  configuration 
still  provides  a  high  perforaance  means  of  utilising  it. 

(C)  The  perforaance  curve  at  a  pressure  ratio  of  490,  becoaee  discontinuous, 
corresponding  to  the  transition  froa  closed  to  open  base  wake  flew 
(See  also  Fig.  72  showing  tbs  transition  in  bass  pressure  at  a  preseure 
ratio  of  49<)  .Adding  secondary  flow  to  the  base  at  this  point  increased 
the  nossle  efficisnoy  froa  97.3  with  no  secondary  flow  to  97.8  with 
1.0  percent  secondary  flow  (See  Fig.  71).  As  roraally  occurs  at  the 
transition  point,  an  appn stable  increase  in  perfonunce  can  be  realized 
with  the  proper  addition  o»'  «econdory  flow. 

(C)  Secondary  flow  was  added  to  the  baas  at  a  pressure  ratio  of  150. 

Figure  71  shows  that  substantial  efficiency  gains  were  obtained  raising 
the  sero  secondary  flow  efficiency  froa  94.8  to  96.0  percent  at  the 
optima  secondary  flowrate  of  1.8  peroeat. 
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Figure  70.  Thrust  Efficiency  rs  Pressure  Ratio,  Point  Expansion 
Spike  Vos  tie 
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Figure  7i.  Thrust  Efficiency  rs  P«ro*nt  Suo  Flow, 
Point  Expansion  Spiles  Nossls 
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(C)  fte  performance  of  a  find  expansion,  80  porooat  length  boll  of  W.3 
aroa  ratio  la  shown  for  oosparison  1a  rig.  70.  lhe  bell  performance 
vu  computed  using  a  no  sals  racuua  efficiency  of  90.6?  poroent  and  a 
constant  drag  loss  equal  to  1.0  percent  of  the  theoretical  rscuun 
thrust  coefficient.  Ihese  values  were  determined  troa  bell  nosslo 
theoretical  efficiency  curves  and  theoretical  drag  ocmpitations  for 
a  similar  cold  flow  bell  nonile. 

(C)  lbs  efficiency  of  the  80  percent  length  bell  nestle  is  97.6  percent 
at  design  pressure  ratio  eoaipared  to  98.6  percent  for  the  30  percent 
length  aeroepike.  At  a  pressure  ratio  of  500  (36  percent  of  design 
pressure  ratio)  the  bell  nestle  efficiency  is  96.5  percent  compared 
to  98.0  percent  for  the  aeroepike.  At  a  pressure  ratio  of  150  (11  percent 
of  design  pressure  ratio)  the  fixed  expansion  bell  efficiency  is  86. V 
percent  compared  to  96.0  percent  for  the  aeroepike. 
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Using  the  method  of  oharaoterlatlce  for  axially  eyneetrlo  flow,  the  point 
axpanaloa  aossle  waa  analysed  far  prla«z7  flow  flail  parfonunoa*  Tha  axparl- 
•antal  baaa  pressure  parforaanca  contribution  waa  then  added  to  tha 
lnvlscid  parforaanca.  Shear  atraaa  and  frlotion  drag  ware  calculated 
and  tha  drag  loaa  waa  eubtraotod  froa  tha  lnrlaold  theory.  Thla 
resulted  in  tha  viscous  theory  ourro  ahown  In  fig.  70  which  agreea 
wary  wall  with  experlaontal  result*. 

(C)  Sxpariaantal  and  theoretical  contour  praaaura  profilea  are  ahown  In 

Fig.  73  .  Again,  agreeaent  la  very  good  between  theory  and  experiment. 
Recoaprasaion  la  ahown  to  occur  below  a  praaaura  ratio  of  300. 

(xi)  Sehliaran  photographa  for  toata  at  both  high  and  low  praaaura  ratioa 
with  and  without  aaoondary  flow  art  ahown  in  Fig.  74  * 

Shrouded  Annular  Model 

(c)  Design  expansion  area  ratio  for  tha  ahrouded  annular  spike  nodal  waa  tha 
aaaa  aa  tha  point  axpanaloa  epike.  A a  built  and  flow  checked,  tha  area 
ratio,  tQ  ,  was  48.6.  Efficiency  for  thla  nodol  waa,  in  general,  0.5 
percent  lower  than  for  tha  point  expansion  nodal,  although,  since  thla 
nodal  waa  designed,  techniques  of  designing  ahrouded  nozcles  have 
iaproved  and  experience  shows  that  it  la  possible  to  achieve  shrouded 
nozsla  parforaanca  eonparablt  with  point  expansion  nottle*. 

(C)  At  peak  performance  (Fig.  75  }  for  no  secondary  flow  the  shrouded 

notxlo  efficiency  was  98.0  percent.  Essentially  no  efficiency  increase 
was  noted  (Fig.  76  }  with  tha  addition  of  secondary  flow  at  design 
praaaura  ratio* 
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(C)  fro  dip*  in  the  perform  .9  curro  can  ba  observed*  on*  at  a  pressure 
ratio  of  400  and  the  aaeond  at  a  praasuro  ratio  of  approximately  290. 

Tha  baaa  praaaura  curve  (fig.  77  )  ahova  that  tha  transition  from  cloaad 
to  opan  wake  occurred  at  a  pressure  ratio  of  400.  Xo  unusual  base 
pressure  trends  can  ba  noted  at  a  pressure  ratio  of  290.  Therefore,  this 
second  dip  aust  be  caused. by  sobs  other  condition.  At  a  pressure  ratio 
of  290  the  contour  pressure  profile  (fig.  78  )  is  the  same  as  for  high 
pressure  ratios.  Shroud  pressures  (not  shown)  are  also  the  sane  as  for 
high  pressure  ratios.  When  the  prsrsurs  ratio  is  reduced  to  200  wall 
pressures  at  the  end  of  the  contour  increase  (Fig.  78  }  indicating 
either  nozzle  recoepressior.  or  separation  froo  the  contour.  In  the 
characteristic  solution  to  the  primary  flow  field  this  pressure  ratio 
(290)  corresponds  approximately  to  the  pressure  along  the  last  character¬ 
istic  line  frost  the  end  of  the  shroud  to  the  end  of  the  contour.  Tide 
suggests  that  below  a  pressure  ratio  of  290  recompression  waves  between 
the  shroud  and  inner  contour  are  causing  an  increase  in  contour  pressure 
(down  to  a  pressure  ratio  of  2C0)  which  is  not  completely  offset  by 
the  increase  in  ambient  pressure  force  in  the  opposite  direction. 
Examination  of  the  Schlieren  photographs.  Fig.  79  shows  that  the  flow 
dees  not  appear  to  be  separating  frea  the  contour  and  compression  waves 
are  impinging  on  the  ccntour  at  pressure  ratios  around  250. 

(C)  Secondary  base  bleed  was  added  near  a  pressure  ratio  of  400  (Fig.  76  ). 

At  a  pressure  ratio  of  450  performance  increased  from  96.6  percent  at 
xero  bleed  to  97.2  percent  at  1.5  percent  bleed.  At  the  low  pressure 
ratio  end  (P^P^  -  150)  of  the  performance  curve,  efficiency  was  increased 
from  95.1  percent  to  95*5  percent  with  1.5  percent  bleed. 

(C)  Theoretical  performance  (including  drag  losses)  and  wall  pressure 
(vacuum)  profiles  agree  very  well  with  the  data  for  this  nozzle 
(Fig.  75  and  78  )• 
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(li)  Although  the  performance  of  multi  chamber*  »pike  nozzles  hae  previously 
been  investigated  in  considerable  detail,  data  are  lacking  for  the 
effects  of  secondary  gas  flow  on  performance  for  this  combustor  nozzle 
configuration.  The  purpose  of  thia  test  eariee  wae  to  obtain  performance 
data  for  multichamber  spikes  with  secondary  flow.  Secondary  flow  was 
introduced  into  both  the  centerbody  region  (W#)  and  the  region  between 
the  individual  chambers  (W.  )  in  an  effort  to  obtain  maximum  overall  * 

leG# 

performance.  The  principal  test  objectives  are  aa  follows! 

1.  Determine  the  maximum  performance  achievable  through  the  use  of 
secondary  flow  with  the  r.ulti  chamber  configurations  and  compare 
the  data  with  tie  data  from  the  reference  models. 

2.  Determine  whether  secondary  flow  ml  tea  the  relative  e*fecte  on 
performance  of  the  multichamber  variables  such  aa  nossle  length, 
spacing,  primary  chamber  area  ratio  and  number  of  chambers. 

3.  Record  and  evaluate  interaegmental  and  centerbody  base  pressures 
with  and  without  interchamber  and  base  bleed. 

4.  Determine  the  effect  of  lnterchambrr  bleed  on  the  nozsle  pressure 
profiles  along  the  primary  chamber  centerline  and  between 
chambers. 

5.  Perform  teste  with  one  nozsle  of  the  cluster  plugged  to  simu¬ 
late  engine-out  performance. 

(U)  A  total  of  141  teats  were  accomplished  with  the  multichamber  con¬ 
figurations.  The  eight  touching  chamber  models  (Models  IXI-9  a./  III- 
1 0)  were  tested  over  a  preeeure  ratio  range  of  from  100  to  1900  (design 
pressure  ratio  for  •  50)  with  intereegmental  and  base  bleed  rates 


from  0  to  3  percent  of  ttao  primary  flowrato.  Engine-out  toato  were 
performed  by  plugging  ono  of  tho  nozzles  of  Model  ZZZ-9.  Several  toato 
voro  performed  on  a  atrippod  down  vtraion  (Nodal  111-8).  The  oluatar 
outar  ahroud  and  the  epike  contour  (tea  Fig.# p. 93)  were  removed  to 
obtain  this  configuration  whioh  aiaulatad  anginas  extending  oonaiderably 
beyond  a  vehicle  external  fairing  and  tank  bottom. 

(U)  Nodal  III— 1 1  (Flg.54  p.9l)  conaiata  of  eight  individual  90-percent  length 
ball  nozsles  with  m  area  ratio  of  20.7*  The  lowar  individual  nossle 
area  ratio  (cob pa rad  to  €  K  ■  30.2  for  Nodala  ZIZ-9  and  ZZZ-IO)  for 
this  eight  chamber  configuration  reeulte  in  a  spacing  between  tho 
aiodulo  exits.  The  diatanoe  between  module  exite  (O  is  0.31  times 
the  module  exit  diameter  D#.  This  model  was  tested  over  the  same  range 
of  pressure  ratios,  intermodule  and  centerbody  bleed  flowrates  that 
were  used  with  the  eight  touching  chamber  configurations.  However, 
testing  with  intersegmental  bleed  was  limited  to  design  pressure  ratio. 

(U)  Model  ZZZ-12  consists  of  16  touching  chambers  of  equal  to  20.7 
placed  around  a  central  spike,  giving  an  overall  30  percent  length 
nozzle  with  a  oluster  area  ratio  of  50.  This  model  is  shown  installed 
in  the  Socket  Nozzle  Teet  Facility  in  Fig.  80  .  Testa  were  conducted 
with  this  model  over  a  pressure  ratio  range  from  100  to  1800  with 
Intersegmental  and  centerbody  bleed  rates  to  3  percent  of  primary  flow. 

(U)  To  see  if  cn  improvement  in  performance  with  intersegmental  bleed  could 
be  obtained,  the  intereegmental  area  in  the  region  between  the  tangent 
points  of  the  touching  chambers  and  the  outer  ahroud  was  blocked  off  using 
the  scalloped  plate  shown  in  Fig.  81  ,  The  scalloped  plate  served  to 

isolate  the  lnterchsaber  region  f.*om  imbient  conditions.  Teets  were 
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Figure  81.  Sixteen  Chanber  Aseeobly  with  Interchanber  Scallop 
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conducted  with  this  scalloped  16-ohamber  configuration  over  *  pressure 
ratio  rang*  froa  ISO  to  H00  with  lntarchaabar  and  o*n  tar  body  bleed 
ratas  to  4  parcant  of  primary  flow* 

a  Touching  Chambers  -  Wo  3niVa 

(C)  Tha  first  of  tha  oultichambara  tasted  was  nodal  III-9.  8  touching 
chambers  with  no  spike*  figure  82  ahowa  the  experimental  performance 
for  this  model.  Peak  performance  was  96.7  percent  at  a  pressure  ratio 
of  1400  although  the  performance  curve  is  relatively  flat  from  pressure 
ratios  of  600  to  1400.  Base  bleed  was  introduced  into  the  base  region 
via  a  radiaV  bleed  orifice  deep  in  the  base  cavity  (see  fig.  51  )• 

Bleed  rates  were  varied  from  0  to  1.5  percent  of  primary  flow  rate. 

As  shown  in  fig.  83  no  improvement  in  performance  was  obtained  with 
base  bleed  at  the  high  pressure  ratio. 

(C)  A  performance  curve  dip  occurs  at  a  pret sure  ratio  of  280  which  is  also 
the  corresponding  break  in  the  base  pressure  curve  (fig.  84  )• 
indicating  the  wake  closing  point  in  the  base  region.  Performance  with 
no  secondary  bleed  at  this  pressure  ratio  was  94.2  percent,  figure  83 
shows  a  performance  increase  to  94.8  with  0.7  percent  secondary  bleed. 

(C)  A  sharp  point  of  inflection  in  the  base  pressure  curve  for  zero  base 
bleed  ia  observed  at  a  pressure  ratio  of  240.  A  similar  point  of 
inflection  ia  noted  in  the  pressure  curve  for  tap  3  (fig .85  )  at  a 

pressure  ratio  of  240.  This  tap  is  located  on  the  cylindrical  center- 
body  which  forms  the  inner  envelope  of  the  modules  and  is  midway  between 
the  exits  of  adjsoent  modules.  Thus  it  records  the  pressure  which  is 
acting  on  the  jets  of  sdjaosnt  nozzles. 
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(c)  Noting  the  trends  in  base  pressure  and  pressure  at  tap  3,  the  following 
postulation  is  made  to  explain  the  base  pressure  trends  of  Pig.  84 

for  the  zero  base  flow  case.  When  the  nozzle  le  iterating  at  a  high 

pressure  ratio  (above  300)  the  module  jets  will  impinge  on  each  other 
and  coalesce  into  a  common  (but  complex)  flow  field.  This  impingement 
pattern  terminates  olose  to  the  module  exits  exposing  a  small  flow  area 
for  ambient  air  to  enter  the  base  region  from  between  the  modules 
(see  fig.  86a  ).  At  a  pressure  ratio  of  1400*?^  *  (see  fig.  84  ) 

and  no  net  flow  ocours  into  the  base.  As  P  /P  is  decreased,  P  rises 

Cm  A 

more  rapidly  than  P^  and  flow  into  the  base  region  results.  When  P % 
reaches  SOO.P^/P^  5=5  0.5  and  flow  into  the  base  should  be  choked. 

(C)  further  increases  in  P  can  not  be  communicated  to  P. ,  however  flow  into 

a  d 

the  base  will  increase  in  proportion  to  P  .  Somewhere  between  a  pressure 
ratio  of  280  and  240  the  increase  in  base  bleed  from  the  azibient  causes 
the  wake  to  open  resulting  in  a  eteep  rise  in  P^  because;  l)  open  wake 
flow  allowe  better  communication  of  ambient  pressure  to  the  base  and  2) 
the  module  wakes  coalesce  much  further  downstream,  as  shown  in  fig.  64  b 
and  allow  a  larger  area  for  ambient  flow  to  bleed  into  the  base  region. 
The  pressure  ratio  P^/P^  ia  now  much  greater  than  0.5  and  choking  of  ths 
flow  into  the  base  doea  not  occur.  This  allows  P^  to  closely  follow 
P.  (see  fig.  84  for  P /P.  <  240). 

(C)  At  a  pressure  ratio  of  150  tha  performance  with  no  secondary  flow  vaa 
91.2  percent  and  showed  mo  increase  with  the  addition  of  secondary  flow 
(sec  Pig.  83  ).  The  pressure  profile  curve  of  fig.  85  shows  a  rising 
pressure  near  the  nodule  exit,  indicating  flow  separation  froa  tha 
modula. 
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Module  Jets  Coalescing  at.  Jrtermediate  Pressure  Ratio 


Figure  Module  Jet  ‘true tyre,  R  dodule 
i'ovching  M'lttiehauaber,  Ho  Spike 


Za  the  closed  wske  regime  the  base  pressure  Is  sot  as  constant  as  in 
ths  nosslss  with  spike  sztsnaions.  This  is  most  likely  dus  to  ths  faot 
that  ths  baas  regitn  is  never  completely  isolated  from  ths  aabisnt  in 
this  nossle.  Aabisnt  prsssuxs  Is  fslt  from  ths  region  behind  ths 
aodules  through  ths  intsraoduls  wakes  where  ths  base  can  be  commun¬ 
icated  to  tbs  aabisnt. 

Bass  bleed  bad  very  little  beneficial  effect  on  thic  aodel.  Essen¬ 
tially  no  increase  in  peri  •  .nance  was  noted  at  design  pressure  ratio 
or  at  low  pressure  ratios  for  a..y  blsed  rates.  Small  gains  were  noted 
at  the  curve  dip  point. 

flow  through  one  chamber  of  Model  1ZI-9  was  stopped  by  inserting  a 
plug  in  the  throat  of  the  chamber.  Surprisingly  no  decrement  in 
performance  was  noted  over  the  symmetrically  flowing  case  with  or 
without  secondary  flow  (see  fig.  82  ).  In  fact  at  a  pressure  ratio 

of  tJO  a  small  Increase  (approximately  0.8  percent)  in  performance 
was  noted  for  the  no  bleed  case.  Again,  this  is  likely  due  to  the 
fact  that  with  one  engine  off.  ambient  was  allowed  to  communicate 
more  readily  with  the  base.  This  is  verified  by  the  base  pressure 
curve,  fig.  Q4  ,  which  shows  an  increase  in  base  pressure  for  the 
engine  out,  compared  to  the  symmetrically  flowing  case,  especially 
at  low  pressure  ratios.  At  v  pressure  ratiu  of  1400,  performance  and 
base  pressure  were  approximately  the  same  with  one  engine  out  as 
with  no  engines  out. 
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Sapped  *odel 

i  version  of  Model  111-9  vs.  teeted  with  no  oenttrbody  duct  or  outer 
duster  ehroud  (see  Pig.  86  )»  thi.  va.  called  Model  111-8. 

Essentially  thi.  va.  .imply  «  open  cluster  of  8  engine*.  R-ferrin, 
to  Pig.  82  ,  performance  at  high  presoure  ratio,  va.  .lightly  lovered 
but  at  lov  pressure  ratio,  performance  va.  increased  .bout  1.9  percont 
due  to  higher  overall  base  and  intermodule  pressure,  at  eero  secondary 

flov  (see  Pig*  )• 

Schlieren  photograph,  of  Model.  IH-8  and  II1-9  are  .hovn  in  Pig.  87 
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B  Module  Touching  With,  3p1K*  Centered* 


Model  III-10,  Fig. 53  •  hae  8  sodulaa  touching  with  a  apika  center- 
body  extending  lha  notzle  length,  L^,  to  30  percent  of  a  15  degree  cone 
of  €  ■  50.  The  noalnal  cluster  area  ratio  la  50  and  the  nodal  la 

essentially  nodal  HI-9-  with  the  eplke  replaoing  the  short  cylindrical 
oenterbody. 

This  nodal  has  provisions  for  bleeding  flow  into  the  spaces  between  the 
nodules  (intersegmental  bleed,  ft.  )  in  addition  to  base  bleed,  ft  » 

With  the  conbination  of  interaegmenUl  bleed  and  base  bleed  at  various 
bleed  rates,  a  variety  of  possible  combinations  of  ft^  a  and  ft^  could 
be  used.  However,  a  aystenatic  approach  to  the  testing  can  reduce  the 
nuaber  of  teats  required  to  obtain  significant  data.  The  approach  used 
was  to  first  optiniae  the  intersegnental  bleed  at  aero  base  bleed  and 
then,  using  the  optimua  ft  optiaiza  the  bsse  bleed*  As  it  turned 

lei*  # 

out  the  best  nozzle  performance  was  obtained  with  m.  -  0.  An 

lei* 

explanation  will  be  given  for  this  result  later  in  this  section. 

Referring  to  Fig.  88  and  the  data  in  Appendix?  ,  the  performance  of  this 
nozzle  la  shown  for  a  pressure  ratio  range  from  150  to  8000.  At  zero 
interaegaental  and  base  bleed  rates  the  performance  reached  a  maxisum 
value  of  97.1  percent  at  a  pressure  ratio  of  1450.  Referring  to  Fig.89 
it  can  be  nuen  that  the  addition  of  either  intersegmental  or  base  bleed 
did  not  lnorease  performance  at  high  pressure  ratios.  Examination  of 
tho  '.  ass  pressure  curve,  Fig.  90  ,  shows  that  intersegmental  bleed 
does  not  improve  the  base  pressures  at  high  pressure  ratios.  While 
Introduction  of  intersegmental  bleed  Increased  the  intersegmental  pressure 
(see  data  in  Appendix  3).  *'■•*  resulting  increase  in  thrust  for  the 
additional  mass  flow  was  low,  causing  a  drop  in  overall  efficiency. 
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(C)  Bleed  addition  apparently  causes  the  following  phenomenon  to  occur! 

Referring  to  the  efficiency  we  base  bleed  curve  (?ig.  71  )  for  the  point 
expansion  annular  noesle,  it  is  worth  noting  that  for  email  bleed  ratea 
base  pressures  and  nossle  efficiencies  inoreaee.  However,  for  larger 
bleed  rates  the  effioienoiea  decrease.  These  are  known  as  the  small 
bleed  and  large  blesd  regimes  of  the  base  flow.  It  is  also  known 
that  mass  blesd  can  be  replaced  by  an  equivalent  boundary  layer  or 
aoasntua  thickness  in  the  approach  section.  Two  reasons  can  be  given 
for  che  formation  of  a  large  aomentua  thickness  in  the  multi-chamber 
nozsle.  First,  a  series  of  shocks  are  caused  by  the  coalescing  of  the 
primary  flow  fields  froa  the  modules.  The  action  of  these  shocks 
intercepting  the  contour  may  well  cause  a  thickening  of  the  boundary 
layer  ard  an  increase  in  the  momentum  thickness  along  the  contour. 
Second,  bleed  from  the  spaces  between  the  modules  can  aaeily  ba 
entrained  in  the  boundary  layer  along  the  contour,  whether  or  not 
intermodule  bleed  is  introduced.  This  is  because  of  the  large  openings 
to  the  ambient  behind  and  above  the  module.  Both  conditions  may  csuss 
a  considerable  increase  in  the  equivalent  momentum  thickness,  along 
the  contour  and  thus  at  the  end  of  the  centerbody,  over  the  annular 
noazle  case, 

(C)  Referring  to  the  plot  of  Fig,  91,  two  curves  are  shown  for  performance 
va  bleed  rate.  The  performance  curve  for  the  annular  nozele  shows  tha 
normal  increase  in  performance  for  small  base  bleed  rates  and  dacreaee 
for  large  bleed  rates.  The  multichamber  curve  shows  the  same  trend 
but  a  lowar  offioieney  due  to  primary  flow  field  shock  losses.  Both 
curves  of  Fig.  91  assume  the  same  momentum  thickness  at  tha  and  ef 
tha  contour*  If  it  now  can  be  assumed  that  tha  mate  bleed  between  the 
aodulee  causes  an  increase  in  entrained  air  in  tha  boundary  layer  along 
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Figure  91.  Thrust  Erficlmcy  ▼$  Bleed  Rate 
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the  contour,  an  increase  in  aoaentua  thickness  occurs  for  the  aulti- 
cbasbir  nozzle.  This  increase  in  aoaontua  thickness  for  ths  rulti- 
ehaabsr  can  non  bs  equated  to  sons  positive  base  bleed  rate  and  one 
can  obtain  the  efficiency  vs  actual  bleed  rate  curve  for  the  aulti- 
chasber  by  shifting  the  sero  bleed  axis  from  0  to  O'*  Bov  note  that 
the  zero  bleed  point  ie  past  the  optimum  bleed  point  for  the  ease  of 
little  or  no  momentum  thieknsas.  Thus*  no  aaount  of  cither  interaeg* 
dental  or  bnae  bleed  can  increase  tne  perforaance  of  this  hypothetical 
nozzle.  This  curve  is  qualitatively  sipilar  to  the  experiaental  data 
shown  in  fig.  89  . 

(C)  The  transition  point  froa  closed  to  open-wake  base  flow  for  this  nozzle 
occurs  at  a  pressure  ratio  of  170,  as  shown  in  Fig.  88  and  90.  Again, 
no  performance  improvements  ere  obtained  by  either  interssgmental  or 
bast  bleed. 

(C)  Base  pressure  rises  sharply  at  ths  transition  pressure  ratio  (270)  and 
then  increases  at  a  reduced  rate  below  a  pressure  ratio  of  240.  Hots 
that  this  condition  is  vary  similar  to  ths  bass  pressure  curve  of 
Kg.  84  (p.144)  for  model  III-9.  This  character! atlo  base  pressure  tread 
for  nodal  111-10  shown  in  Pig. 90  is  similar  to  that  of  aodel  III-  9 . 
The  sane  explanation  for  this  r  ■momenon  that  was  given  for  aodel  III-9 
applies.  Choking  of  flow  into  ths  bass  nay  be  occurring  in  the  region 
between  pressure  ratios  of  240  and  500.  Evidence  for  this  is  the  lover 
than  critical  pressure  ratio  between  and  F&.  At  ths  lowest  pressure 
ratio  at  which  the  nozzle  was  tested,  P^/P^  «  190,  the  eaae  phenomenon 
is  observed  in  perforaance,  i.e.,  at  zero  intersegaentel  and  bass  flow 
ths  sffieienoy  was  91.7  percent  and  as  either  iniersegaental  or  base 
blf  /d  was  increased,  perforaance  dscresssd. 
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(C)  Fig ur*o  92  •  95  ,  94  ,  and  95  show  the  pretcuro  profile*  for  this 

bozsI*.  7igurss  92  and  95  ahov  tha  wall  pressure  profiles  for  various 
vail  taps  remit*  nozzle  prsaaura  ratio.  In  Fig.  92  tha  prassurs  taps 
ara  in  line  vith  tha  oantarlina  of  tha  module  vith  two  taps  loeatad 
in  tha  sodula  and  three  taps  on  tha  contour.  Tha  trends  ars  as  anti¬ 
cipated  vith  pressures  decreasing  vith  increasing  praaaura  ratios  on 
the  taps  furtlier  on  dovn  tha  contour.  In  Fig.  95  tha  taps  ara  loeatad 
between  tha  nodules.  Tha  tap  near  tha  sxit  plana  of  tha  nodules  follows 
tha  anfcient  pressure  vhilo  tha  last  two  taps  follow  ambient  only  to 
pressure  ratios  of  500  to  400.  Beyond  this  point  tha  pressures  on  the 
contour  rise  indicating  that  the  vales  between  tha  nozzles  is  noving  hack 
towards  the  throat.  Tha  pressure  rise  is  due  to  shock  interaction. 
Figures  94  and  95  show  tha  sane  data  but  plotted  in  a  different 
■tanner.  The  pressures  along  the  aodule  centerline  continually  decrease 
at  high  prassurs  raticss  however,  tha  pressure  profile  curves  move  up 
vith  decreasing  pressure  ratio  indicating  that  recespreseion  nay  be 
occurring  on  the  contour  as  increases.  On  tha  other  hand  tha 
pressure  profiles  batmen  tha  modules  show  adverse  prassurs  gradients 
to  tha  nozzle  exit  because  of  a  complex  flow  field  along  this  plana. 

Eight  Modules  Spaced 

(C)  The  final  S-codule  configuration  tasted,  Kodsl  111-11,  was  the  model 
with  spacing  between  the  nodules  and  an  overall  length  of  50  percent. 
This  model  has  the  lowest  performance  of  all  models  tested.  Peak 
performance  (shown  in  Fig.  96  )  of  96.2  percent  occurred  at  a  pressure 
ratio  of  950.  This  pressure  ratio  is  optimum  for  a  one-dimensional 
ideal  area  ratio  of  37. 4«  Since  the  efficiency  maximizes  at  tide 
point,  950  is  considered  tha  design  pressure  ratio  for  this  nozzle. 

Tha  addition  of  baas  bleed  at  this  pressure  ratio  caused  the  overall 
nozzle  performance  to  decrees*  (Fig.  97  ). 
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Tlgura  92.  Xodula  Centerline  Vail  Preerure  vs  Free  sure  Ratio, 
8  Module*  Touching  Rultlchuftar,  30  Parcant  Length 
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Figure  93,  Vail  Proaaur*  Between  Modules  va  Pressure  Ratio, 

8  Hodulas,  Touchlig  Kultiehaahor,  30  Percent  Length 
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Figure  94.  Module  Centerline  Well  Prer.su.ee  vs  Aitisl  Lerrth, 

8  Module  Touch! nr  Pul  tichnr.be r,  50  Percent  Length 
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8  Hodulee  Touching  Multlehnabar,  30  Percent  Length 
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igure  96.  Thrust  Efficiency  va  Pressure  Ratio*  8  Modules 
Spaced  Multd.chan.ber,  30  porcent  Length 
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(C)  The  transition  iron  closed  to  open-wake  flow  occur  rad  at  a  prooour* 
ratio  of  270  (fif.  96  ).  Addition  or  baaa  blaed  at  this  pressure 
ratio  inoraaaad  parforcsanoa  froa  94.2  to  95.1  pare  ant  at  an  optima 
blood  rato  of  1.5  percent.  This  increaeo  In  porfoiaaneo  waa  apparently 
cauood  by  an  inoroaao  in  wall  contour  proosurea.  At  taro  baao  blood 
tho  wall  pro  a  euro,  ?  at  tho  and  of  tho  contour  waa  0.00196  knd 
increased  to  0.00327  for  1.5  poroont  baao  blood.  This  blood  appears 
to  bo  causing  separation  froa  tho  contour,  resulting  in  an  efficiency 
increase.  In  contrast,  introduction  of  base  blood  into  Model  III— 10, 

8  touching  nultiehaabor,  did  not  causa  an  increase  in  contour  pressure 
and  thus  efficiency  did  not  increase. 

(C)  A  sharp  incraase  in  perforaance  occurs  at  a  pressure  ratio  of  200,  due 
to  a  rapid  rise  in  base  pressure  froa  the  closed  wake  condition.  Per¬ 
formance  then  falls  off  as  pressure  ratio  is  decreased  beyond  this 
point. 

(C)  The  lowest  pressure  ratio  at  which  tests  were  conduoted  on  this  nozzle 
waa  150.  Addition  of  baee  bleed  caused  a  lose  in  perforaance. 

(C)  Use  of  lntereegnental  bleed  caused  a  lose  in  perforaance  at  design 
pressure  ratio.  The  explr- salon  for  this  lose  ie  similar  to  that 
givan  for  tha  previous  multlchanbor  models.  The  base  pressure  ourvs. 

Tig.  96  ,  a?*o  shows  the  same  trend  as  ths  previous  model.  In  addition, 
this  curve  verifies  the  transition  point  to  be  near  a  pressure  iatto 
of  270. 

(C)  The  module  and  plug  wall  pressure  profiles  of  Tig.  99  ,  100,  101  and 
102  ehow  the  sane  trend  as  for  model  ZIX-10. 
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Avaraga  Baa*  Pr*aaur*/Ck&ab*r  Praaaure,  P./P 


Wall  Pressure  /  Chamber  Pressure*  P^/  P, 


Pressure  Ratio,  P*  COKFIDE.HA 

Figure  ICO.  Vail  Pressure  'WVrsen  Modules  rs  Pressure  Hatlo, 

8  Modules  Spaced  Ifultlchuber,  30  Percent  length 
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Sixteen  Module  Kultlchamber 

(C)  The  final  multichamber  nodal  tested  was  nodal  III-12,  the  16  touching 

nodules  with  the  centerbody  epike  extension.  Perforeance  for  this  nodal 
is  shown  in  fig. 103  •  The  highest  performance  attained  with  no  base 

or  intermodule  bleed  (See  fig.  103  )  was  96.7  percent  at  a  pressure 
ratio  of  1200.  The  base  flow  transition  point  fron  closed  to  open- 
wake  occurred  at  a  pressure  ratio  of  370,  (See  also  base  pressure  curve 
Pig.  104). 

(C)  As  shown  by  Pig.  103  and  105  »  no  performance  gains  were  noted  with  any 
of  the  interaodule  bleed  rates  used. 

(C)  At  design  pressure  ratio  (1200)  and  the  transition  point,  performance 
increases  were  obtained  at  0.7  percent  base  bleed.  Due  to  the  fact 
that  this  model  was  designed  with  16  modules,  the  primary  flow  more 
closely  approximates  an  annular  nozzle,  the  shocks  are  weaker  and  the 
spaces  between  the  modules  are  smaller.  All  these  factors  tend  to 
reduce  the  momentum  thickness  and  therefore  the  bleed  performance 
curves.  Pig.  105  ,  more  closely  approximate  the  annular  nozzle  case. 

(C)  The  pressure  profile  curves.  Pig.  106  ,  107,  10BandlQ9  are  similar 

to  those  for  the  8  module  chambers. 

(C)  In  an  attempt  to  improve  the  interaegmental  pressures  a  filler  plate 
wae  placed  in  the  exit  plane  of  the  modules  to  help  keep  up  the  inter* 
segmental  pressures  (Pig.  81  ).  The  performance  results  of  this  are 

shown  in  Pig.  110.  At  the  high  preesure  ratio  end,  P  /P  •  1300, 

O  ft 

the  performance  with  no  interaegmental  bleed  was  96.6  percent  as 
opposed  to  96.7  percent  for  the  no  filler  plate  model.  Since  this  is 
within  the  accuracy  of  the  data  scatter,  essentially  no  performance 
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Figure  103.  thrust  Efficiency  rs  Pressure  Ratio, 

16  Module  Multi  chsnber,  30  percent  Length 
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Figaro  104.  Btflt  Freoiurt  ft  Ptoaaur*  Ratio, 

16  Modulo  Multi  ch*at*r,  10  pa  roast  Length 
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Figure  105,  Thrust  Efficiency  re  tarcent  Bleed, 

16  Hodtile  Multi  chseber,  30  percent  length 


0 


too  POO 


500  1000  ?000 
Pressure  Ratio,  P^/P^ 


5000 

COHFDEmit 


Figure  107.  Vail  Pressure  Beteeea  Modal**  r»  Pressure  JUtio« 
16  Medal*  MultiehssUr,  50  Psro*nt  Lenftii 
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rtgure  106.  Nodule  Centerline  Wall  Pressure  vt  Axial  lengthy 
16  Module  Multi  chamber,  30  percent  Length 


CONFIDENTIAL 
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figure  109.  Wall  Praaaure  Between  Kodulas  ire  Axial  Length,  16 
Nodule  Kultlehaater,  30  Parc  ant  Length 
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change  resulted  by  addition  of  the  filltr  plat*.  On*  factor  her*  was 
that  tbar*  was  no  actual  aeal  between  tha  filler  plat*  and  th*  module* 
and  ambient  could  atill  bleed  into  th*  apace*  behind  th*  module*. 
Performance  improved  about  0.2  percent  Kith  th*  introduction  of  1-2 
percent  intersegnental  bleed,  aa  compared  to  a  decraaae  of  approx¬ 
imately  0.5  percent  for  th*  same  model  without  th*  filler  plat**. 

Ua*  of  intersegment*!  bleed  at  a  pressure  ratio  of  150  resulted  in  a 
slight  decrease  in  performance.  The  combined  us*  of  interaegaental 
and  baa*  bleed  resulted  in  approximately  0.5  percent  decrease  in 
efficiency  at  both  low  (150)  and  high  (250)  pressure  ratios.  Base 
pressures  for  this  model  are  shown  in  Fig.  111.  Vhll*  intprsegmental 
bleed  at  high  pressure  ratio' had  no  effect  on  centerbody  base  pressure 
for  th*  model  without  tha  filler  plat*  (Fig.  104  ),  it  significantly 
increased  base  pressure  for  the  model  with  th*  filler  plat*.  Th* 
performance  curve  dip  point  occurs  at  about  the  sane  place  in  both 
configurations  but  at  low  pressure  ratios  (150)  there  is  a  loss  in 
efficiency  of  over  1  percent  for  the  nozzle  with  the  filler  plate. 

The  reason  is  that  flow  behind  the  modules  is  restricted  resulting 
in  lower  intersegmental  pressures. 

MSCUSSIOK  OF  RESULTS 

c--_25Jhdrtt 

# 

(C)  The  test  results  show  th*  following  characteristics  for  this  nozslet 

1.  Good  performance  can  be  attained  with  this  nossle  over  a 
pressure  ratio  rang*  from  sen  level  to  design  altitude  with 
the  proper  base  bleed  and  base  configuration. 
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Ay* rag*  Baa*  Pressure/  Chamber  Praaaura 
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Plguralll.  Baa*  Praaaura  ▼*  Prewura  (uMo,  16  Modal*  Multi cbaab*r 
with  Inter** g*»nt*l  Pillar  Plat* 
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2.  The  but  performing  bast  configurations  were  tha  optn  csrity, 
tht  radially-outward  bats,  and  tha  porous-plate  baas. 

3.  Supersonic  injection  into  tha  base  causes  a  loss  in  perfor¬ 
mance. 

4*  Optima  secondary  flowrate  is  between  2  and  2.$  percent  of 
primary  flow  over  the  teat  range  for  this  nossle. 

5*  Theoretical  computations  of  the  effect  of  secondary  flow  on 
base  pressure  agreed  well  with  the  data. 

6.  Base  pressures  ware  higher  for  CF^  than  for  air.  Based  on 
these  results,  hot  firing  base  pressure  predictions  for  ssro 
secondary  flow  would  be  higher  than  the  air.  Correlation 
of  the  data  with  hot-firing  data  will  be  conducted  later  in 
the  program. 

(C)  k  summary  of  the  performance  for  tha  cq  •  25  nossle  in  given  in 
Table  6.  The  performance  is  based  on  values  achieved  at  design 
pressure  ratio  with  sero  and  the  optimum  value  of  secondary  flow. 
Secondary  flow  for  the  porous  plate  was  limited  to  0.6  percent  due  to 
flow  restrictions  in  ths  plate  and  pressure  restrictions  in  the  base 
cavity. 

(C)  The  c  *  50  group  of  models  was  tested  primarily  for  the  purpose  of 
evaluating  different  combustor  configurations.  For  the  purpose  of 
eomperlsom  e  point  expansion  truncated  ideal  spike  was  tested  as  the 
ref  arenas  for  all  of  ths  c  ■  50  models.  Figure  112  shows  tha  perfor¬ 
mance  of  this  nossle  to  be  the  highest  of  all  models  tested  at  all 
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Figure  ft&Conparison  of  Experiaentel  Performance  of  £■  50 
Annular  and  Mul&ichaaber  Notsles 
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prearuro  ratios.  This  is  the  usual  eut  whan  testing  with  s  son- 
reacting  gas  sines  chmrlcal  kinetics  art  not  involved  and  ideal  poten¬ 
tial  flow  is  the  sole  contribution  to  primary  performance.  However, 
whan  hot  reaoting  gases  are  oonsidered  aa  the  propellant,  the  chemical 
kinetics  of  the  faces  play  a  significant  role  in  primary  performance. 

As  previously  explained  the  ahrouded  epike  noaale  was  tssted  as  a 
representative  design  for  a  hot  gee  noaale.  The  air  testa  do  not 
reveal  any  cheat csl  kinetic  performance  benefits  but  only  the  difference 
in  non-reacting  gas  performance  between  the  nosslee.  Figure  112  shows 
that  for  the  particular  ahroud  design  seleoted  ths  potential  perfor¬ 
mance  loss  was  approximately  0.5  percent  from  the  reference  model 
over  the  major  portion  of  the  operating  range.  Since  the  shrouded 
nossle  was  designed,  sore  reoent  experience  end  technology  has  shown 
that  improved  shrouded  nossle  designs  ere  possible.  In  moat  cease 
it  is  theoretically  possible  to  reduce  the  shrouded  nossle  potential 
flow  lose  to  e  very  Mall  value. 

(C)  Table  7  is  e  summary  of  performance  end  base  pressure  values  for  these 
nosslee.  Referring  to  Table  7  end  Fig  112  the  following  obserwatioos 
can  be  made  concerning  these  two  noseless 

1.  Performance  is  high  for  both  nosslee  with  ths  point  expansion 
nosale  having  slightly  over  0.5  percent  greeter  performance 
throughout  the  pressure  ratio  range  of  300  to  1500. 

2.  At  very  low  pressure  ratios  the  shrouded  nossle  shows  better 
altitude  eoapeaeeting  characteristics  end  haa  performance 
equal  to  ths  point  expansion  model. 
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3*  Secondary  flow  laprovea  performance  by  only  •  — 1 1  um ut  tor 
both  nossles.  This  la  primarily  boemumo  nossle  performance 
without  secondary  flow  to  already  high. 

4*  from  design  pressure  ratio  dowa  to  tho  open  wako  transition 
point,  tho  point  expansion  nestle  ham  about  twioo  tho  baao 
prossuro  aa  tha  ahroudod  aoaalo  (Soa  tig,  12  and  77;  • 

Howrar,  bolow  tho  transition  point  tho  baao  proaaura  of  tha 
ahroudod  aoatla  riaaa  aora  rapidly  than  tha  baao  proaaura  of 
tha  point  axpanaioa  nozzlo.  This  aeoounta  for  tha  laproved 
altitude  compensating  charactariatiea  of  tha  ahroudod  nosale* 
Xeverthelsss,  or  an  though  tha  eoapensatioa  ia  batter  tha 
shrouded  nossla  only  seiches  but  never  exceeds  tha  perforaaaee 
of  tho  point  expansion  nodal. 

3*  If  eboaieal  kinetics  ara  considered  and  it  can  bo  shown  that 
tho  shrouded  nossle  has  a  higher  1^  (close  to  full  shifting) 
porfoiaanca  for  hot  gasss,  than  tha  shrouded  nossle  could  firm 
tha  higher  overall  perforaence  at  all  pressure  ratios.  The 
aaount  of  choaieal  equilibrium  achieved  during  expansion 
depends  chiefly  upon  tha  propellants,  mixture  ratio,  ehaaber. 
pressure,  thrust  level,  and  shroud  design. 

€-  59  ftiltighyfrrJKgayli. 

(U)  Three  basic  aultiehaabor  aodala  vara  tested,  tha  8  touching,  8  apaoed 
and  id  touching  aodsls  (listed  ia  Table 7  ).  Tho  8  touching  nodal 
had  two  baslo  configurations,  l.s.,  saro  eentorbody  length  and  a  apika 
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eenterbody  extended  to  30  percent  length.  tec  configure  ti  :»na  were 
tested  for  the  16  touching  aodel i  one  with  open  speeee  between  the 
aodulee  end  one  with  e  filler  plete  between  modules. 

(C)  Of  ell  the  anltieheaber  aodele,  the  8  touching  eodel  bed  the  highest 
perfoxsanee  la  sere  end  extended  eenterbody  lengths,  figure  112  ehows 
that  addition  of  the  contorted?  le proved  the  performance  of  this  eodel 
about  0.4  percent  over  the  range  of  operation.  Referring  to  the  die- 
cession  of  the  test  results  on  these  two  nosslee,  the  following 
cosnints  can  be  node: 

1.  Performance  for  this  aodel  was  in  general  1-2  percent  below 
that  of  the  reference  aodel  (point  expansion). 

2.  Addition  of  either  base  bleed  or  intersegaental  bleed  did  not 
in  general  increase  the  performance  of  either  configuration 
of  this  aodel. 

3.  Vo  performance  degradation  was  noted  for  ons  engine  out  st 
either  design  pressure  ratio  or  at  very  low  pressure  ratios. 
This  result  is  applicable  to  this  configuration  only.  Other 
test  results  (Ssf  3}  indicate  performance  losses  are  obtained 
with  engine  out  configurations. 

(C)  When  the  nodule  ares  ratio  of  the  8  module  aultichaaber  waa  reduced  to 
20.7*  spaces  resulted  between  the  nosslss.  A  comparison  of  the  psr- 
fonance  of  the  8  spaced  aultichaaber  unit  to  the  other  aodele  tested 
is  asde  in  fig.112.  At  high  pressure  ratios  the  performance  of  the  8 
spaced  aodel  is  lower  than  the  other  aodele.  This  can  bo  attributed 
tot  (1)  a  bast  sally  lew  module  arcs  ratio,  and  (2)  shock  losses  in  the 
primary  flew  field  because  of  the  epseiag. 
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(C)  At  lov  pressure  ratios  th«  performance  for  this  nossle  la  higher  than 
any  of  the  other  sultichasbere.  Tha  spacing  la  beneficial  at  praaaura 
ratios  b«lov  240.  Inspaotion  of  Appendix  3  shows  that  tha  in teres g- 
aantal  pxeseuree  ars  higher  for  tha  8  spaced  aodcle  than  they  arc  for 
tha  8  touching  aodal  at  low  praaaura  ratios*  This  configuration  had 
tha  Iowan t  affective  area  ratio  of  the  aodels  tasted.  Peak  efficiency 
oocurred  at  a  pressure  ratio  of  930  compared  to  1200  to  1400  for  tha 
other  aodels.  Khan  it  ia  further  noted  that  tha  baslo  nodule  area 
ratio  is  low  (thus  nodule  design  pressure  ratio  is  low)  it  la  easy  to 
sea  why  this  aodel  has  good  performance  at  lov  pressure  ratios. 

(C)  Figure  112  shows  that  tha  aodel  with  tha  16  touching  aodulss  had  a 
slightly  lever  perforeance  level  than  tha  8  chan her  aodel.  The  wake 
closure  point  occurred  at  a  soeewhat  higher  pressure  ratio  and  low 
prenaure  ratio  compensation  was  about  as  good  aa  tha  8  modules  touching 
aodels.  Although  Increasing  the  number  of  aodulss  is  usually  associated 
with  increasing  the  perfonsance.  this  was  not  so  for  the  given  ground 
rules  for  these  aultiehaabers.  The  ground  rules  were:  (l)  the  cluster 
area  ratio  shall  reaain  constant,  and  (2)  for  a  given  number  of  nodules 
the  aodulss  shall  touch.  With  these  restrictions  the  aodule  area  ratio 
ia  fixed.  Thus,  the  aodule  area  ratio  for  tha  8  chamber  touching  aodel 
was  30.2  and  for  tha  16  chamber  wee  20.7.  This  means  that  the  basic 
primary  flow  fiald  performance  for  the  aodulss  was  greater  for  the 
S  aodule  unit  than  for  the  16  aodule.  11 ‘hough  the  shock  and  inter* 
aodule  preesure  losses  ere  less  for  the  .  aodule  aodel  thir  did  not 
sake  up  for  the  basically  greater  performance  of  the  higher  area 
ratio  8  aodule  touching  unite.  This  infers  that  there  is  an  optiaua 
number  of  nodules  which  will  naziaice  the  aodule  performance-shock* 
interaodule  preesure  trade-off.  An  additional  factor  which  may  have 
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influenced  tbs  nlittn  psrferaance  of  the**  nodsls  is  th#  opoeia* 

ratio,  4/®  •  *hs  of  4/®#  •**  0,020  for  **•  16  ch“b*r  *“4*1 

ooaportd  to*0.0l2  for  tbs  8  chub or  aodal.  this  would  ted  to  ease 
relatively  higher  transition  lee.  for  the  ti  vS-sbor  nodol.  Ho^r. 
eta  froa  Eof  12  indiete  that  thia  diffareea  in  4/»#  ahould  result 
ia  laaa  thaa  0.1  percent  diffareea  ia  efficiency  between  tha  aodaia. 

(C)  for  cepariae  purpose  a  aultlchanber  spike  noasla  tetad  aad  reportad 
in  Kaf  J  was  included  la  fig. 112  .  thia  aodal  eonaiatad  of  24  touching 
BOdule  of  are  ratio  15  spaced  around  a  apika  canterbody.  the  cluster 
mt  ntio,  «cy  waa  48.4  and  tha  overall  length  was  approximately  30 
parent  of  a  15  decree  ccaiel  noiila  of  tha  aaaa  are  ratio.  Thia 
aodal  corresponds  clonal?  to  the  16  ehaaber  configuration  tetad  in 
thia  program.  hats  fre  this  rafaree  appears  to  a«xe  sail  with 
tha  16  chaal ibtr  data,  particularly  with  repact  to  efficiencies  (W#  «  0) 
at  design  pressure  ratio,  tha  transition  pressure  rttio  aad  le  preeurs 
ratio.  The  wake  transition  point  pressure  ratio  ia  approximately  400 
for  the  24  ehaaber  aodal  coopered  to  370  for  tbs  16  ehaaber  aodal  which 
is  consistent  with  the  general  tread  toward  higher  transition  point 
presura  ratios  as  the  continuous  throat  configuration  ia  approached. 
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IKYESTIGATIOi  Or  AEROSPJIOS  3EOKENT  TBSTIHG  COKCEPT 

0,*  of  the  advantages  in  th.  development  of  the  annular  combu.ticn 
chamber  of  aerospike  nozzle.  i.  th.  capability  of  testing  full- 
Mtal.  but  partial  thrust  e.gaente  rather  than  th.  full  annular 
coafcuatcr.  Sc  •*'i({*  ii3* 

Experience  and  analysis  have  .hewn  that  segment.  can  b.  developed 
st  considerably  lower  coat  ,nd  time  than  full  annular  or  conven- 
tional  cocbustors  to  achieve  a  given  level  of  performance  and 
reliability.  Cost  reduction  with  ufart  te.Ung  1.  characterized 
by  th.  smaller  hardware  and  associated  smaller  experimental  facili¬ 
ties  which  lead  to  lower  propellant  coats,  reduced  sis.  of  support 
^oipaent,  easier  handling  and  transportation,  and  general  1, 
aanpower  requirement..  Development  time  i.  reduced  because  of 
higher  test  frequencies  associated  with  unit,  of  lower  thruet 

levels. 

The  simultaneous  development  of  combustion  chamber  Mg^ent.  end 
investigation  of  full  annular  engine  performance  can  be  achieve 
with  modules  equipped  with  splitter  plate,  or  solid  surfaces  placed 
at  a  given  segment  angle  to  contain  the  expanding  flow  of  gasee. 

A  typical  experimental  test  set-up  for  en  aerospike  module  and 
splitter  platee  ie  shown  in  Fig.  U4. 

To  obtain  full  annular  nozzle  performance  from  segment  test,  it  i. 
necessary  to  duplicate  the  pressure  profile,  both  on  the  primary 
expansion  and  baa.  surface  under  condition,  simulating  the  full 
annular  nox.l.  operation.  A  cold  flow  test  program  wa.  «nd.rt*»n 
to  investigate  tha  difference  in  pressure  profile,  both  on  the 


CONFIDENTIAL 


iplk*  Saprat  Taatin*  D»r*lo|*«»t  Approach. 


O&EKTUL 


priMiy  expansion  mat**  sad  but  between  nwale  •«■•»**  and  a 
fall  annular  aero*  pika  noaale.  The  teat  progran  objective*  ware 

as  follow! 

1)  Obtain  pr-.sur#  distribution*  on  th*  primary  expansion 
eurfaoe 

2)  Datarein*  th*  offoot  of  ea^Mnt  wotor  angle  «  *“• 
preesurt  for  open  and  cloead  wek*  conditions,  with  tnd 
without  secondary  flow* 

DESCRIPTION  OP  COLD  PLOW  TEST  ROG&JX 

A  full  annular  aerospike  notile  nodal  was  fittaJ  with  two  splitter 
plates  as  shown  in  Pig.  115.  end  tasted  with  air  in  the  Socket 
locals  Teat  facility.  Tha  nosal*  had  an  area  ratio  of  44*1  and 
an  axial  length  equal  to  20  percent  of  the  length  of  a  15  degree 
conical  noasle  of  equivalent  area  ratio.  The  sodal  waa  tested 
at  a  noatnal  stagnation  pressure  of  200  pais  at  pressure  ratios  of 
120  end  1200  (corresponding  to  open  and  closed  wake  conditions)* 
both  without  secondary  Weed  and  with  a  ratio  of  secondary  to 
prlsary  flow  of  approxinataly  .85  percent.  Secondary  injection  waa 
aohiered  through  radial-out  crifices  located  in  tha  baa*  entity. 

Par  all  of  th*  abort  teat  parsaetara  tha  included  angle  between 
aplitter  plates  waa  set  at  45.  90.  and  180  degree*.  Kith  the 
splitter  plates  in  the  45  end  90  degree  positions,  only  thet  portion 
of  the  aossl*  throat  batwaan  the  splitter  plate*  waa  left  open, 
tits  rewind ar  of  tha  throat  was  staled  *0  prevent  flow.  Por  tha 
splitter  plates  in  the  180  degree  position,  oca  aeries  of  teste 
wee  sade  with  half  the  threat  sealed  off,  another  with  full  0 
thro  At,  l.e.,  flow  on  hath  aide*  of  tha  aplitter  plate*.  See  Pig.  116 
for  arrengaaant  of  splitter  plate*  on  th*  aaroapik#  nodal.  In 
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Addition  to  tha  abort  ttsta,  the  full  annular  nozzle  without  apllttar 
platan  waa  tested  for  rafaranoa  purposes.  During  all  taata  pressure 
profll#  measurements  vara  taken  along  tha  primary  axpanalon  aurfaoa 
end  in  a  radial  direction  on  tha  baa#  surface.  A  ousaaary  of  testa 
and  tha  average  (area  weighted)  aeasured  base  pressure  is  given  la 
Appendix  5. 

Discussion  of  Results 

(C)  l)  Tha  wall  pressure  distribution  along  tha  primary  expansion 

surface  is  given  in  figs. 117  andXB  for  noszle  operating  pressure  ratios 
of  120  and  1200  respectively.  The  differences  in  wall  pressure  profiles 
between  the  reference  nodal  (no  splitter  plate)  and  the  nodal  with 
splitter  platen  is  due  to  tha  nan-axial  eynaetry  of  tha  flow  field. 

One  reason  for  tha  flow  field  distortion  is  tha  growth  of  a  boundary 
layer  along  the  splitter  plats  causing  reo expression  in  the  supersonic 
flow.  The  consistency  of  the  deviation  with  splitter  plats  angular 
variation  can  be  attributed  to  the  constant  relation  between  one  side 
of  the  splitter  plate  and  tha  primary  wall  pressure  tape  as  shown  on 
ng.  ii6. 

i 

| 

(c)  Despite  tha  influence  of  tha  splitter  plates  on  tha  wall  pressures, 
tha  net  offset  on  noszle  axial  force  la  email  because  tha  pressure 
deviations  are  small  and  occur  in  a  region  of  the  nozzle  where  the 
wall  angles  with  respect  to  the  axis  are  relatively  shallow. 

(C)  2)  The  variation  of  base  pressure  with  splitter  plate  angle  is 

shewn  on  Tigs JS  and  120  for  nozzle  pressure  ratios  of  120  and  1200 
respectively.  In  general,  tha  curves  indicate  that  the  segrent 
base  pressures  approach  tha  full  annular  nossle  base  pressures  for 
low  end  high  segment  angles,  with  waxisnmi  deviation  for  a  90  degree 
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•egment  angle.  Bmn  trends  are  the  seas  irrespective  of  nozzle  pressure 
ratio  and  secondary  blood,  for  "locked-in*  vako  condition*  (high  pressure 
ratios),  the  full  annular  baaa  pressure  ia  duplicated  with  a  45  degree 
nozzle  segment,  whereas  decreasing  tits  nozzle  preaaura  ratio  results  in 
a  lower  baaa  preaaura  ( 25  to  JO  percent)  when  ecu  pared  to  full  annular 
noszle  baa*  pressure. 

(C)  It  ia  interesting  to  note  that  in  the  case  of  the  160  degree  segment 
with  flow  on  both  aides  of  the  splitter  plates,  the  base  pressure  waa 
increased  to  the  reference  level  when  the  splitter  plates  were  completely 
rwuuvcd.  This  would  indicate  the  po?*ibiUty  of  either  (l)  pressure 
feedback  at  the  and  plane  of  the  splitter  plates,  or  (2)  pressure  leaks 
at  the  Junction  of  the  splitter  plates  and  aerospi fca  model.  For  this 
aeries  (130  degree  sector  with  flow  on  both  sides)  there  was  no  sealing 
between  tbs  plates  and  the  model.  Additional  testing  would  permit  an 
experimental  check  of  either  lypothesio. 

CCBCUJSI05S  AND  EBCORMHOUTIOHS 

(c)  l)  far  the  particular  aeroepike  nozzle  model  tested  with  air,  full 

annular  aeroepike  performance  la  attained  with  a  45  degree  segment  when 
operating  at  the  "loclced-ln"  base  pressure  condition. 

2J  When  operating  in  the  "open-wake*  region,  all  nozzle  segments  had 
base  pressure  ratios  lower  than  the  full  annular  aeroepike* 

3)  further  experiments  are  needed  to  study  the  performance  influence 
of  splitter  plate  length,  fluid  properties,  and  nozzle  area  ratio. 
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(c)  Analytical  design  atudlti.  nit  perforasd  to  lnvestlfsts  various  englf*/ 
vehicle  configurations  incorporating  tho  aerodynamic  spile*  nozzle. 
Ca*bu3toar  concepts  that  mra  considered  included  several  types  of 
toroidal  oontuatora  and  cylindrical  combustors  (naltiohaabon)  with 
dl scrota  circular  throats  and  various  shaped  expansion  section*. 
Associated  with  the  integration  of  the  various  conbustor  concepts  late 

♦ 

vehicle  systems,  eonsidsratisn  was  given  to  envelope  reyrtrenente,  noaxle 
cooling,  nozzle  perfoxoanet.  engine  weight,  versatility,  reliability, 
cost,  upper  and  lower  stage,  pluabing,  turbcnechinery,  controls,  end 
Mthoda  of  thrust  vector  control,  the  range  of  engine  permetere 
considered  mra 

Chazber  pressures  free  300  to  3000  pels 
Throats  from  20,000  to  2,000,000  pounds 
Expansion  area  ratios  up  to  150 
K2O4/0IMWr2H4  (50-50)  Propellants 

SOWUfiX 

(C)  Ideally  the  objective  c t  them  studies  was  to  determine  which  typo  of 
combustor  could  be  utilised  most  effectively  with  an  aerodynamic  spike 
nozzle  at  a  particular  operating  point  in  tho  paraneter  range  of 
interest.  The  noroal  criteria  for  selection  of  a  particular  ccnbuator 
would  Include  detailed  consideration  of  engine  performance,  engine 
weight,  nozzle  cooling,  turbonaohinny,  design  ccaplexi^r,  fabrication 
technique  and  cost,  developmnt  tine  and  coats,  angina  reliability  and 
overall  ooat  effectiveness.  The  soope  of  this  study  was  such  that  • 
only  e  few  of  the  aforementioned  item  could  be  treated  in  any  detail, 
therefore  only  «  amber  of  general  conclusions  ware  obtained 

in  this  study. 
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Specific  items  which  were  treated  la  this  work  included  the  following* 
Investigations  were  Bade  to  establish  the  geometric  effects  of  various 
Buiti  chamber  exit  ehapes  and  to  determine  the  relative  envelopes  of 
engine  and  vehicle  configurations.  A  summary  of  toroidal  combustor  and 
■ulti chamber  effects  on  nozzle  performance  is  presented.  Also  included 
is  a  brief  description  of  multichamber  and  toroidal  aeroapike  performance 
progress  which  were  developed  partially  utilising  data  generated  in  this 
program.  A  parametric  weight  comparison  was  made  of  single  bell,  multi- 
chamber  and  toroidal  chamber  asrcopHe  engines  of  2.000,000  pounds  <> 

thrust  over  a  wide  range  of  chamber  pressure  and  area  ratio.  A  review 
of  previous  studies  of  relative  versatility,  reliability  and  cost  of  toroidal 
aeroepike,  aultiehainber  and  conventional  engine  systems  was  made  and  the 
pertinent  results  are  discussed. 

The  two  most  heavily  emphasized  studies  were  in  the  areas  of  nozzle 
heat  transfer  and  system  design.  Detailed  heat  transfer  studies  were 
made  to  establish  limits- of  regenerative  cooling  feasibility  for 
■ultiehamber  and  toroidal  chamber  aeroepikes  utilizing  H^O^/UEKH-S^E,, 

(50-50)  propellants.  The  studies  were  conducted  over  a  wide  range 
of  chanber  pressure,  area  ratio,  and  thrust  level.  Design  layouts  were 
made  for  typical  single  bell,  multichamber,  and  toroidal  aeroepike 
engines  st  four  specific  thrust  levels  of  interest.  The  features  of 
the  configurations  are  described  along  with  advantages,  disadvantages, 
and  potential  problem  areas. 

A  aweary  of  major  conclusions  covering  the  analysis  and  design  section 
is  presented  at  the  end  of  this  section. 


20b 

CONFIDENTIAL 


COKBUSTOB  SBSGBIPriON 


(C)  Two  basic  type*  of  combustor  seem  suitable  tor  usa  with  tha  aerodynamic 
spike  nozzle.  These  are  the  toroidal  oombuator  end  the  multichamber 
combustor.  There  are  many  variations  of  each  of  these  basio  ooncepte 
and  each  has  it  own  advantage  and  disadvantages.  The  geometric 
relationships  for  throat  area,  area  ratio,  etc.  are  also  unique  for 
each  concept.  This  section  presents  an  introduction  to  these  combustor 
concepts  and  their  geometric  characteristics. 

Toroidal  Combustor  Configuration 

(C)  The  chief  feature  of  the  toroidal  combustion  chamber  is  that  it  provides 
a  continuous  or  near  continuous  annular  throat  which  is  the  most 
desirable  type  to  achieve  maximum  performance  from  tha  annular  tsrodynamio 
spike  nozzle.  Disturbances  to  the  sonic  and  supersonic  flow  caused  by 
structural  members  in  the  flow  field  or  discrete  combustors  result  in 
nozzle  performanoe  losses. 

(C)  Three  variations  of  the  toroidal  combustor  concept  ere  shown  in  Fig.  121 
The  sonic  tube  combustor  is  the  simplest  type  in  that  the  combustor 
is  formed  and  self-supported  by  rows  of  individual,  formed  tubes  which 
may  be  regeneratlvely  cooled  or  film  cooled.  The  throat  is  formed  by 
swaging  the  tubes.  The  cooling  circuit  is  simple  and  a  minimum  of 
external  structural  support  is  used.  The  chief  disadvantages  of  this 
configuration  are  high  heat  flux  is  encountered  at  tha  throat,  hlffr 
stresses  must  be  sustained  by  the  tubing,  end  flow  disturbances  ft  suit 
from  expansion  around  the  throat  struoture.  These  flow  disturbances 
can  be  minimized  by  using  aerodynamic  shaped  tube  trailing  edges. 
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(c)Tbe  eubaonic  tub*  configuration  alleviates  all  th*  problems  of  th« 
sonic  tub*.  An  efficient  structural  member  is  placed  in  the  subsonic 
region  of  th*  combustor  where  disturbances  to  th*  flow  are  negligible, 
and  where  the  peak  heat  load  is  less  than  at  the  continuous  annular 
throat.  The  disadvantages  of  this  concept  are  increased  weight  and 
complexity  of  the  structure  and  cooling  system. 

(C)  The  full  baffle  annular  combustion  chamber  is  the  highest  performing 
configuration  and  th  t  pesk  heat  flux  is  Minimum.  A  continuous  annular 
throat  is  formed  with  rows  of  thin  walled  tubing.  Structural  support 
is  provided  by  cooled  tarries  and  •  variety  of  external  structure  types. 
This  chamber  type  is  the  heaviest  of  the  three  but  it  is  relatively 
simple  in  construction  concepts. 

(C)  Many  variations  of  these  basic  designs  have  been  considered  and  are 
continually  being  improved  upon  at  Rocketdyne.  It  should  be  noted  that 
the  complete  annular  engine  may  be  formed  by  a  number  of  independent 
atraight  or  curved  combustor  segments  or  as  a  continuous  single  circular 
unit.  The  building  block  engine  concept  has  many  advantages  which  be* 
come  more  important  aa  the  total  engine  size  increases. 
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Toroidal  Coa.bugtor  Qgoaotrg. 
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Huitichaaber  Configurations 

(C)  there  ut  probably  u  many  variations  of  the  ml tl chamber  concept  as  than 
an  of  the  toroidal  concept.  Cm  basic  theme  of  this  configuration  la  to 
utilize  existing  engine  technology  in  the  construction  of  an  advanced  annular 
engine,  this  concept  corusirta  of  conventional  cocbuetion  chambers  clustered 
around  a  central  aeroepike  nozcle  aa  shown  in  Fig.  12?  • 

(C)  this  configuration  provides  sons  of  the  altitude  compensating  characteristics 
of  aeroapiks  nozzles  while  allowing  s  conventional  approach  to  tha  design 
of  those  components  of  the  engine  'Which  product  a  major  portion  of  tha  total 
thrust.  The  principal  disadvantage  to  this  concept  is  that  performance  is 
considsrably  below  that  which  can  be  achieved  with  a  continuous  annular 
throat.  To  achieve  tha  desired  high  performance  annular  flow  configuration, 
the  nozzle  portion  of  tha  conventional  chauber  nay  be  modified  in  various 
degrees  as  shown  in  Fig.123  •  Is  the  nozzle  exits  approach  the  annular 
shape,  the  nozzles  approach  a  two-dimensional  configuration.  Tha  advantages 
of  tha  flat  exit  modules  are  that  flow  Impingement  losses  are  minimized  aad 
that  (this  will  be  discussed  in  the  next  section)  a  high  engine  ares  ratio 
can  be  achieved  with  a  low  module  area  ratio.  This  allows  the  flow  to  bo 
exposed  to  ambient  pressure  sooner  and  hence  a  higher  degree  of  altitude 
compensation  capability  is  achieved.  Tha  major  disadvantages  of  tha  two- 
dimensional  module  are  (l)  long  length  is  required  to  achieve  a  high  theoret¬ 
ical  thrust  efficiency.  (2)  frictional  losses  are  increased  by  tha  large 
module  surface  area,  (3)  porforaanca  losses  are  caused  by  rotational  flow  in 
the  module,  end  (4)  structural  requirements  are  severe. 
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rifnra  122,  Hultichaabar  Mown  tlatur* 


Circular  Exits  Conventional  Elliptical  Exits 


Figure  123.  Advanced  Modular  Exit  Shapes 
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(C)  The  principal  characteristic*  of  multichiu'oer  systems  art  the  nuaber 
of  nodults,  the  module  expansion  area  ratio,  and  the  systen  geometric 
area  rat' a,  the  latter  being  equal  to  the  circular  area  enclosing  the 
aodule  exit  (i.e.,  7TE  A  in  Tig.  122  )  divided  by  the  total  throat 
area.  These  parameters  «re,  in  turn,  governed  by  the  shape  of  the 
sodule  exits,  the  spacin'  between  nodules,  and  the  inclination  or 
"tilt"  angle  of  the  individual  nodules. 


(c)  The  relationship  between  the  nodules  and  the  overall  systen  is  generally 
expressed  in  terns  of  an  "amplification  factor,"  representing  the  ratio 
of  the  systen  area  ratio  to  the  module  area  ratio.  Tor  circular  nodule 
exits,  this  factor  is 


1 


N 


(1  ♦  cos  ©r 


♦  cos  0- 


[■ 


sin  |  arc  tan  (cos  ©j  tan 


Where  N  *  nuaber  of  nodules 

CCL  ■  systen  geometric  area  ratio 

=  nodule  area  ratio 

i%  ©^  are  as  indicated  in  Tig. 


(C)  The  variation  of  amplification  factor  with  gap  spacing  and  mentors  of 
nodules  for  circular  exit  nodules  with  0  ,  *  20  and  10  degrees  is  shown  in 
Tigs.  12j|  and  12$.  Tilt  angle  has  only  a  small  effect  on  amplification 
factor;  these  data  are  therefore  representative  over  the  general  rang*  of 
interest,  from  approximately  $  to  JO  degrees.  The  curves  illustrate 
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e  121,.  Geometric  Amplification  Factor  «  a  Function  of  Circular 
Gap  Spacing  Ratio  and  Number  of  Modules 
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Figure  12$  GeoMtrie  Amplification  Factor  aa  a  Function  of 
Circular  Gap  Spacing  Ratio  and  Number  of  Modules 
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that  high  Modification  factors  may  bs  achieved  by  either  increasing 
the  nuaher  of  chaabers  or  increasing  the  spacing  between  chamber  exits. 


(C)  Amplification  factors  for  the  non-circular  exit  shapes  shown  in  Jig.  123 
are  presented  in  Fig. 126  as  a  function  of  the  slenderness  ratio,  a/b, 
and  number  of  nodules.  Ihe  governing  equations  for  these  aysteas  are 
shown  below. 
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(C)  It  is  important  to  note  that  although  eoplification  factors  for  the 
non-circular  aysteas  are  higher  than  for  corresponding  circular-exit 
cor  figurations,  systea  studies  eucb  is  Sef.  12  have  indicated  that  the 
disadvantages  cited  previously  tend  to  offset  the  potential  benefits 
of  non-circular  aysteas. 
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(C)  The  nags  of  chaster  pressure  (500  pais  to  3000  pda),  thrust  level  (2GK  to 
2000 K),  aad  uh  ratio  (to  150)  Investigated  in  this  study  encoapasses  •  side 
range  of  soglne  and  vehicle  disasters.  Therefore  tone  approximate  di— lalonal 
studies  were  aide  to  gain  sons  initial  insight  into  the  relative  engine  aad 
vehicle  sizes  being  considered  aad  the  effect  of  chamber  pressure,  area  ratio, 
aad  thrust  level  on  relative  engine  end  vehicle  envelope, 

(C)  figure  127  shove  the  relative  engine  and  combustor  dimensions  to  acale  for  a 
group  of  toroidal  anginas  of  150  area  ratio  over  the  thrust  range  from  20,000 
to  2,000,000  pound a.  The  ease  relative  dimensions  are  approximately  applicable 
to  multichaater  configurations.  The  combustion  chamber  diene  tens  are  aixad 
to  be  a  of  six  inches  and/or  provide  a  chamber  characteristic  length 

greater  than  30  inches.  It  can  be  seen  that  at  lov  thrust  levels,  high  cham¬ 
ber  pressures  and  high  area  ratios,  the  combustor  dimensions  beoome  a  signi¬ 
ficant  fraction  of  the  engine  diameter. 


(C)  Jfca  diameters  of  a  number  of  existing  vehicles  and  preliminary  design  vehicles 
utilising  *20^/003-3^(50-50)  propellants  were  correlated  with  thrust  as 
abovn  in  fig.  128  .  The  straight  lines  represent  a  variation  of  vehicle  dia¬ 
meter  with  the  cube  root  of  engine  thrust  which  la  an  approximate  relation 
in  frequent  use.  Those  correlation  lines  were  superimposed  on  plots  of 
toroidal  angina  diameter  vs.  chamber  pressure  shown  in  fig.  129 ,  130  •  ana 
131.  These  curves  are  also  roughly  applicable  to  multichssber  engine#. 

The  data  Indicates  that  for  tho  rango  of  arts  ratios,  chanter  pressures,  aad 
thrust  levels  considered  it  is  unlikely  that  a  vehicle  envelope  will  seriously 
restrict  the  selection  of  optimum  engine  operating  pressure  and  area  ratio. 

A  comparison  of  tho  trends  of  vehicle  and  engine  diameter  with  thrust  level 
does  Indicate  that  the  selection  of  area  ratio  aad  chanter  pressure  tends  to 
teooeM  more  restricted  as  thrust  level  increases. 
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Figure  127.  Limit  Combustor  Dimensions,  t  ■  150 
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Vehicle  Diemoter  Correlation  with  St a**  Thruat 
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(U)  Is  this  section,  the  effects  of  geometrical  nozzle  and  combustor  parameters 
upon  advanced  aerodynamio  spike  configurations  ere  discussed.  The  discussion 
is  United  to  the  partial  effeots  of  each  of  these  parameters  established 
fron  espirlcal  and  analytical  studies  oonducted  under  this  and  other 
contracts.  The  interrelationship  of  these  parameters  and  their  opt  ini  cation 
through  system  or  nlasion  studies  was  outside  the  scope  of  thie  study.  1 
review  of  current  performance  analysis  techniques  is  also  presented. 

Combustor,  Ceocs  try  Effects 

(C)  The  combustor  geometry  affects  the  combustion  and  gas  expansion  perfor¬ 
mance  of  the  thrust  chamber.  The  combustion  efficiency  (Y|g«)  chiefly 
a  function  of  the  injector  design  and  is  affected  by  the  combustor 
geometry  to  a  leaser  degree.  In  the  present  discussion,  it  is  assisted 
that  it  is  the  expansion  efficiency  (or  C^)  that  is  mainly 

affected  by  combustor  geometry,  and  that  the  combustor  concepts  considered, 
toroidal  and  multi  chamber,  have  been  designed  (or  developed)  to  attain 
equal  combustion  efficiencies. 

(C)  Toroidal  Configurations.  Pour  configurations  of  the  toroidal  combustion 
chamber  concept  as  shown  in  Pig.  121  have  been  exaained  in  detail;  the 
sonic  tube,  the  subsonic  tube,  the  full  baffle  annular,  and  the  annular 
configuration.  In  the  first  three  configurations  structural  members 
(inserts)  are  allowed  to  extend  across  the  o embus ti an  chamber  introducing 
disturbances  in  the  flow  of  the  gases.  Proper  shaping  of  the  insert 
surface  is  possible  1a  all  cases  to  minimize  the  disturbance  introduced* 


ill 


(C)  Tcj  expansion  efficiency  losses  for  the  annular  toroidal  configuration 

srs  only  those  caused  by  friction  drag  on  the  nozzle  vail  and  fay  streamline 
divergence  losses  at  the  nozzle  exit  plane.  There  is  no  dieturfaance  of 
the  potential  flovfield  in  the  combustion  chamber. 

(C)  The  circular- type  subsonic  tube  toroidal  configuration  disturb*  the 

potential  flovfield.  but  because  this  disturbance  occurs  in  the  subsonic 
region  of  the  flow,  and  because  the  spacing  between  tubes  is  larger 
(than  for  sonic  tubes),  the  losses  sustained  by  this  configuration  are  of 
relatively  small  magnituda.  Five  tenths  of  one  percent  decrease  in 
was  experienced  in  testing  of  a  240-subsonic-tube  unit  of  tube  apecirg-to- 
tube  diameter  ratio  (  rf/d)  of  approximately  one.  These  losses  are  caused 
by  friction  and  pressure  drag  developed  on  the  tube  surface,  and  by 
disturbance  of  the  throat  flow  (sonic  line)  thich  affects  the  pressure 
on  the  nozzle  wall  and  tha  base  pressure.  Larger  a pacings  (  <f/d)  lead 
to  red-iction  of  all  four  forms  of  performance  degradation.  Proper 
contouring  of  downstream  tube  surfaces,  as  will  be  shown  for  the  case  of 
tbo  sonic  tube,  lead  to  further  reduction  of  performance  losses. 

(C)  The  higher  expansion  performance  losses  are  experienced  by  the  circular- 
type  sonic  tube  toroidal  configuration.  The  disturbance  in  the  flow  for 
this  configuration  takes  the  fora  of  increased  boundary  layer  surface 
ares,  separation  of  the  flow  behind  the  tribes,  shocks,  and  disturbance 
of  the  sonic  line.  Theoretical  work  on  this  configuration  has  shown 
that  increasing  the  tube  specing  leads  to  reduction  of  expansion  performance 
losses,  and  that  for  any  tube  spacing,  the  performance  losses  can  be 
''educed  to  tenths  of  one  percent  through  Incorporation  of  ideally 
contoured  trailing  edges  in  tlw  space  immediately  1-ahind  the  tubes. 
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(C)  Thews  trailing  surfaces  prevent  flew  reparation  with  associated  abode 

disturbances,  thereby  reducing  the  pressure  drop,  and  the  abode  stagnation 
pressure  losses.  Though  surface  area  is  increased,  tbs  reduction  in 
pressure  drag  and  stagnation  pressure  losses  noticeably  offset  the  Increase 
in  friction  drag* 

(C)  The  lower  losses  In  performance  of  sonic  tube  configurations  axe  obtained 
through  the  incorporation  of  a  full-length  Ideally  contoured  trailing  edge. 

Beat  transfer  and  fabrication  considerations,  however,  dictate  the  allowable 
length  for  the  trailing  edge.  The  ideally  contoured  baffle  length  can  be 
truncated  in  a  Banner  depicted  in  fig. 132  ,  without  an  excessive  sacrifice 
in  perforwnoe*  This  latter  point  is  illustrated  in  fig.  133,  *  graph  nozzle 
expansion  efficiency  T)_  as  a  function  of  nozzle  area  ratio  for  the  Ideally 

contoured  trailing  surface  at  various  degrees  of  truncation.  Even  for  the  most 
severe  degree  of  truncation  considered,  h/Dt  of  0*103,  the  performance  less  Is  mot 
higher  then  0.35  percent  for  »■  tube  spacing  4/dt  of  one,  and  gas  specific  hast 
ratios  of  1.15  to  1.25.  Ths  loss  indicated  is  the  etas  of  divergence  end 
pressure  drag  losses  incurred  In  the  combustion  dumber  through  deformation 
of  ths  inviscid  flow  field.  This  net  loss  la  a  function  of  the  tube  and 
throat-  go  acre  try  md  constitutes  a  fixed  loss  in  thrust  coefficient  which 
.  is  rot  recoverable  in  the  supersonic  portion  of  the  nozzle,  but  is  rather 
dissipated  into  the  shock  and  viscous  flow  structure  downstream  of  the  tubes. 

As  the  value  of  this  lose  is  fixed,  an  increase  in  overall  expansion  area 
ratio  makes  it  a  diminishing  fraction  of  the  overall  thrust  coefficient. 

(C)Prlotlon  drag  losses  for  the  toroidal  combustion  dumber  using  tapered 
sonic  tabes  have  been  shown  to  be  nearly  equal  to  losses  in  ths  annular 
toroidal  combustion  chamber.  This  equality  concept  may  be  arrived  at  from 
the  following  ■  observations  l  drag  upetremi  of  the  geese  trie  throat  (subsonic 
flow  region)  of  either  configuration  is  negligible,  tapered  sonio  tubes 


present  •  large  vetted  surface  area  (drag  la  directly  related  to  surface 
area)  tot  allow  a  significant  reduction  in  noaele  axial  length  when 
expanding  to  equal  flow  cc editions.  The  result  is  that  drag  losses  for 
equivalent  annular  and  tapered  sonic  tube  toroidal  configurations  are 
essentially  equal*  Typical  values  calculated  far  LOX-I annular  and 
•cnio-tube  toroidal  ayetecs  with  overall  expansion  area  ratio  of  6  are 
shown  in  the  table  below* 


TABU  8 

WPARISON  OF  TOROIDAL  CHAMBER  DRAG  LOSSES 
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Annular 

Tube  -  16°  Conical 

Trailing  Surface 

Tube  ire a  Ratle  (€t) 

0 

2.96 

Overall  Area  Ratio  (fQ) 

6.00 

6.00. 

Ideal  Thrust  Coefficient 

1.6311 

1,6311 

Contour  Drag  Loss  (ACL  ) 

V 

0.0170 

0.0064  (free  (m 

2.9 6  to  6.00) 

Tube  Drag  Loss  (AO.  ) 

'd 

0 

0.0113 

Total  Friction  Drag 
(percent  Ideal  Cp  ) 

1.01 

1.05 

(C)  From  the  above  diacuaoion,  it  follows  that  the  differences  in  performance  • 
indicated  in  Fig.133  between  the  ideal  and  the  various  toroidal  tubs 
configurations  also  represent  the  differences  between  toroidal- tube  and 
full-annular  toroidal  coabustioo  oheebers  including  drag  losses. 

(C)  For  ecoparison,  the  losses  to  be  expected  for  a  circular-type  sonic  tube 
and  for  tubes  having  conical  trailing  edges  have  also  been  included  in 
Fig.133*  Been  a  20-degree  conical  trailing  edge  achieves  a  significant 
gain  In  performance  over  the  circular  sonic  type  (on  the  order  of 
2*5  percent)* 


226 

— ^iimrinrirrm 

PHsarar 


lMcwnt 


(C)  For  equal  combustion  chambei-  rendition*  and  equal  Insert  erotweeeticnel 
area,  the  performance  loss  caused  by  pressure  drag  per  structural  member 
Is  of  the  same  magnitude  for  both  the  untapered  sonic  tube  (circular)  and 
the  baffled  tr  combustor  configurations.  Because  of  increased  eurfeoe, 
the  friction  drag  is  higher  for  the  baffled  annular  configuration.  The 
nuaber  of  required  baffles  are  fever,  however,  than  the  sonic  tubas  at 
even  the  subsonic  tubes,  therefore  naVlng  this  configuration  the  lass 
subject  to  expansion  performs. -ice  degradation.  A  48-baffle  unit  tested 
in  cold-flow  conditions  with  a  baffle- to- baffle  width  ratio  dj*  of 
100*1  indicated  performance  losses  of  appx  jxiaately  3  tenths  of  one  percent. 
Calculated  losses  for  this  configuration  were  0.23  percent. 

(C)  Multlchanber  Systems.  Module  spacing  and  exit  shape  are  the  prineipel 

combustor  variables  affecting  system  efficiency.  Experimental  data  defining 
the  Influence  of  these  parameters  are  limited;  however,  estimates  of  the  gap 
correction  factor  oan  be  determined  on  the  basis  of  cold-flow  results 
from  this  program  and  from  data  presented  in  Ref.  3.  The  data  ahem 
in  Fig.  134  indicate  that  substantial  losses  can  be  incurred  In  systems 
having  sizable  gape  between  module  exits,  particularly  in  systems  having 
abort  plug  lengths.  The  reduction  of  these  losses  in  longer  systems 
indicates  that  seme  degree  of  recovery  occurs. 

(C)  Performance  data  for  noncircular  exit  systems  indicate  no  advantage 

relative  to  ciruclar-exlt  configurations  (Ref  12).  These  data,  however, 
were  obtained  for  modules  having  circular-throat  modules.  Probable 
causes  of  title  low  performance  are  increased  friction  drag  on  the  relatively 
large  module  surface  area  and  rotational  flow  in  the  module  induced  by 
the  transition  from  a  circular  throat  to  a  nearly  two-dimensional  nozzle. 
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GAP  SPACING.  8/De  coj 

Figure  13li.  Effect  of  Module  Spacing  on  Propulsion  Systea  Performance 


(C)  Aa  la  the  oasa  with  bell  and  conical  nozzles,  increaoine  the  length  of 
toroidal  aero  a  pike  configurations  increases  the  nozzle  (potential)  pe»* 
formance,  increasee  the  drag  losses,  and  increase e  the  overall  thrust 
chaaber  weight.  The  rate  at  which  all  these  quantities  increase  with 
length  differs  with  the  nozzle  type.  The  nozzle  length  required  for  e 
certain  application  is  obtained  from  misslor-optimizatica  et-.idiec.  la 
this  section,  the  effect  of  nozzle  length  on  expansion  performance  (Cg) 
without  regard  to  mission  or  payload  is  discussed. 

(C)  Toroidal  Configurations.  The  basic  toroids',  configuration  ie  the  annular. 
It  has  been  established  through  cold-flow  testing  that  the  truncated 
ideal  isen tropic  e pika  contour  used  in  conjunction  with  the  annular 
toroidal  configuration  ie  the  highest  overall  performing  of  the  contour 
types.  Optima  contours  (contours  designed  for  maxims  primary  thrust 
in  a  given  nozzle  length)  yiejd  higher  primary  performance,  but  their 
lower  bass  pressures  make  this  configuration  perform  lower  than  the 
truncated  ideal  isen  tropic  spike  contour.  Longer  lengths  would  be 
required  of  optimal  contours  to  achieve  total  performance  equal  to  the 
truncated  ideal  spike. 

(C)  To  achieve  full  Ideal  expansion,  an  isen  tropic  spike  nozzle  must  hove  e 
full  length.  This  maximal  length,  expressed  in  terms  of  e  15-degree 
cone,  increasee  with  an  increase  in  expansion  area  ratio,  and  with  an 
increase  in  specific  heat  ratio.  The  seas  can  be  said  of  the  truncated 
ideal  apike  nozzle  contour.  To  achieve  a  given  nozzle  efficiency,  longer 
truncated  ideal  a  pike  oontoure  ere  required  as  expansion  area  ratio 
'.ncreasee,  and  ae  apeclflo  heat  ratio  Increases.  Tor  given  expansion 
area  ratio  and  specific  boat  ratio,  increasing  the  nozzle  length  increase* 
~czzle  efficiency  (CL)  continuously  even  when  adding  the  optimal  mount 


of  secondary  flow  ia  the  base  of  the  aeroapike.  There  la  a  length, 
however,  beyond  which  the  performance  increase#  ere  not  significant* 

This  can  be  seen  from  Tig.  13$ a  plot  of  nozzle  efficiency  with  secondary 
flew  versus  nossle  length  for  an  expansion  area  ratio  of  4$  and  a  specific 
heat  ratio  of  1.4*  Beyond  a  nossle  length  of  30  percent  (in  terns  of 
a  15-degree  sons)  the  performance  gains  caused  by  Increasing  length  are 
extremely  snail,  is  length  increases,  the  gains  f:*aa  secondary  flow 
diminish  as  can  be  seen  by  comparing  the  "no  secondary"  and  "with 
secondary"  performance  efficiency  curves  in  Tig.  13$.  The  secondary 
flow  required  for  optimum  performance  ia  also  reduced  as-  the  gains 
diminish,  it  a  different  area  ratio  and  gemma  (with  different  propellants), 
the  length  required  for  the  above  trends  to  repeat  however  is  different* 

(C)  Multichsnber  Systems.  The  aerodynamic  performance  of  multichamber 
systems  Increases  with  increasing  length  in  a  manner  similar  to  that 
noted  in  annular  combustor  systems.  Ecvr ever,  It  is  important  to 
recognise  that  the  length  of  a  multichamber  system  ia  comprised  of 
module  length  and  a  plug  nozzle  length;  the  plug  nozzle  length  by  Itself 
la  not  a*,  adequate  indicator  of  system  aerodynamic  efficiency. 

(c)  The  cold-flow  data  generated  in  this  program  and  the  data  presented  In 
Ref.  12  were  compiled  to  ascertain  the  relationship  oetveen  design  point 

aerodynamlo  efficiency,  CL  and  plug  length,  and  number  of  modules. 

*dea 

The  resulting  correlation  is  shown  in  Tig.  136  •  A  locut  of  points 
representing  any  total  system  length  cou!d  be  superimposed  upon  the 
data  in  Tig.  I36f  as  shown  by  the  typical  example  on  Fig.  136  .  The 
result  is  a  nearly  oonatant  Cj,  with  a  gradual  decay  indicated  as  the 
nuccer  of  modules  increases*  St  is  evident  that  for  plug  lengths  beyond 
approximately  15  percent  (based  upon  the  length  of  an  ideal  spike),  further 
lmntMeee  in  performance  ure  small  and  lumber  of  modules  has  little 
effect  on  efficiency. 
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135.  Variation  of  Ho'sslo  Eff iciancy  Vith  Un^th 


N'Jnber  of 
Modules 


Figure  136»Effect  of  Plug  Length  and  Number  of  fedules  on 
Thrust  Efficiercy 


*\wiwNtw>  niwwHtM  vr  vu.'-s.r  ■**,*•*•►  <trrrw»  - r - •-n-r,—  .«* 


(U)  The  performance  analysis  technique,  ns  developed  at  Rocketdyne  for  uae 
with  aerodynamic  spike  configurations,  is  a  collection  of  theoretical 
procedures  and  refined  empirical  equations  which  take  Into  account 
inviscid  primary  performance,  viscous  primary  losses,  IcLnetlo  losoes, 
base  pressure  without  secondary  flow,  the  effect  of  secondary  flow  and 
secondary  flow  properties  on  base  pressure,  end  the  effect  of  varying 
ambient  pressure.  Computer  programs  exist  for  the  oomplete  performance 
analysis  of  the  toroidal  and  multi  chamber  configurations.  Vhe  main 
features  of  these  programs  and  the  techniques  employed  are  reviewed 
briefly  in  the  following  subsections.  For  a  complete  discussion  of 
these  programs,  Ref.  18  and  19  az«  available. 


(C)  Torcirial  Ccnfigurationa.  Tha  cutapuler  program  for  the  annular  toroidal 
aero3pike  configurations  is  capable  of  designing  an  ideal  spike  config¬ 
uration  for  a  given  t'.amst  or  a  given  throat  area  utilising  any  of  the 
following  three  propellants;  RT0/5O-50,  and  LOX/HPj  at  the 

major  mixture  ratios  of  interest.  The  nozzle  design  is  then  subjected 
to  a  method-of-characteristior  analysis  which  yields  divergence  losses 
for  the  primary  flow  at  any  operating  pressure  ratio,  and  a  boundary 
layer  aralyeie  whl  'h  yields  friction  drag  losses.  From  built-in  tables, 
kinetic  losses  are  evaluated;  and  from  empirical  equations,  the  bees 
pressures  are  calculated.  These  separate  contributions  are  then  combined 
with  the  ambient  pressure  drag  to  obtain  overolll  nozzle  output  in  the 
form  of  thrust,  nozzle  thrust  coefficient,  ec/or  nozzle  efficiency  in 
▼acuw.  The  basic  equations  used  are! 
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(C)  Calculated  values  from  use  of  these  three  equations  can  then  be  utilised 
to  derive  nozzle  efficiency  or  specific  In  pulse  efficiency  ^\lg 
values  for  any  pressure  ratio,  given  a  value  ol'  the  combustion  efficiency 
f\c*»  and  a  suitable  reference  for  thrust  coefficient  end  specific  inpulse 
i.e.,  Cp  and  Ig  .  A  flow  diagram  for  the  program  is  shown  in 
Fi«.137?ptIn  the  region  of  pressure  ratios  where  the  ambient  pressures 
influence  the  base  pressure  (open  valce),  the  latter  are  not  calculated 
in  the  program.  Equations  are  given  in  Sef.  19  which  will  allow  the 
calculation  of  the  base  pressure  in  the  open-wake  through  use  of  an 
empirical  technique.  .Reference  19  also  gives  a  detailed  description 
of  theoretical  and  empirical  equations  used  in  the  design  and  analysis  of 
the  toroidal  aero  spike  overall  performance,  as  well  as  a  description 
of  program  operational  procedures. 

(C)  Losses  caused  by  introduction  of  structural  members  across  the  flow  are 
not  calculated  in  the  program  but  can  be  included  into  equation  (l) 
through  the  use  of  information  in  fig.  133,  and  the  equation* 

V6*v\. 

Where is  obtained  from  fig,  133, 


FI *or«  137*  Flow  Diagram,  Aorodyr.amio  Spika  Engina  Daaign  Program 


(C)  Kultlchamber  Configurational  Comjuter  programs  developed  under 

US  &-20237  (Hultichsaber,  Plug  Nozzle  Systems  Analysis)  are  currently 
used  at  Rocketdyne  for  estimation  of  multichamber  propileion  system 
performance. 

(C)  The  basic  approach  to  multichamber  system  analysis  at  law  altitudes 

la  similar  to  the  technique  used  to  determine  toroidal  system  performance! 
it.,  the  sunmation  of  an  analytically  derived  primary  flow  contribution 
and  empirical  estimates  for  the  remaining  contributions.  The  thrust 
delivered  by  tilted  bell  modules,  representing  more  then  95  percent 
of  the  tl  tal  thrust  at  low  altitudes,  is  readily  amenable  to  analysis. 

Tbs  remaining  factors  are  expansion  on  the  plug  nozzle  and  base  pressure! 
each  of  these  effects  ia  estimated  by  empirical  correlation  of  cold-flow 
data. 

(C)  High  altitude  performance  for  multichaaber  systems  ia  obtained  by  the 
technique  described  in  Ref.  29  and  illustrated  in  fig.  138.  In  this 
Instance,  cold-floe  performance  is  estimated  from  a  matrix  of  experimental 
Cj  va  plug  length  and  number  of  modules  data,  and  analytical  corrections 
are  applied  to  translate  the  performance  value  to  the  appropriate  gas 
properties,  system  size  and  base  bleed  flowrate  end  properties. 


CAICUIATI  • 


(C)  th»  analysis  includes  a  theoretical  separation  criterion  which  permits 
the  analysis  to  proceed  accurately  regard  la  as  of  the  degree  of  evez*> 
expansion,  in  empirical  approach  is  used  in  the  transition  region 
between  the  two  methods,  with  the  perfomance  trend  dictated  ty  the 
presence  or  absence  of  base  bleed.  kith  no  base  bleed,  the  nodule 
perfomance  continues  to  prevail  beyond  the  nedule  design  pressure 
ratio,  resulting  is  a  "trough"  in  the  delivered  Cy  curve  (eee  sketch). 
Since  the  general  tendency  indicated  by  cold-flow  data  is  for  base 
bleed  to  eliainate  this  trough,  a  simplified  approach  waa  enpleyed, 
in  which  the  presence  of  any  quantity  of  base  bleed  la  assumed  to 
cause  the  Cy  curve  to  be  horizontal  between  the  aodule  design  pressure 
ratio  and  the  intersection  with  the  system  clesed-vake  Cy  curve. 
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(C)  to  topertant  aspect  of  psrfonenes  coEprtatlso  becaae  opporent  fr<» 
data  Elated  during  the  axparinsntal  sadttchttbur  investigation 
conducted  la  this  progrsa.  fr®  data  ehoaing  the  variation  of  Cf 
ra  pressure  ratio,  it  van  evident  that  affective  ^pension  area 
ratio  (i.a.,  design  ^  ratio)  could  to  predicts  .ora 
baaod  on  a  "scalloped"  exit  area  rather  than  on  tte  area  of  tto  circla 
enclosing  the  nodule  exits,  to  shown  in  Tig.  13?, this  factor  ia 
significant  in  sysWs  having  relatively  f«v  nodules.  Scalloped  eras 
ratio  is  therefore  utilised  as  the  basis  for  costing  syste.  design 
pressur*  ratio  in  the  computer  progriou 
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(C)  A  parametric  utuiy  woe  cud*  to  coopers  the  weight  of  toroidal  and  multi  chamber 
osrospikea  and  conventional  eirgle  bell  engine  a  utilising  N^/ ( 50-50) 
pro pollan te.  The  engines  were  compared  at  a  thrust  level  of  2,000,000  pounds 
over  a  range  of  chamber  pressures  from  1000  peia  to  3000  pala  and  a  range  of 
area  ratios  from  20  to  150.  The  method  of  analysis  and  results  are  presented 
in  the  following  paragraphs. 

Method  of  Analwls 

(u)  jgngine  weights  were  computed  for  srul ti chamber  and  toroidal  aeroepike  engines 
and  conventional  single  bell  engines.  The  characteristics  of  the  engines 
evaluated  and  the  range  of  parameters  investigated  are  listed  in  Table  9  • 

(c)  the  study  was  conducted  at  a  fired  sea  level  thrust  of  2,0C0,C00  pounds.  The 
aero  splice  engines  all  had  a  total  length  from  the  throat  to  the  nozzle  exit 
plane  equal  to  20  percent  of  a  15  degree  conical  nozzle.  The  single  bell 
engines  were  60  percent  in  length.  Area  ratios  from  20  to  150  were  investi¬ 
gated  for  the  aerospike  engines  ant  from  20  to  100  for  the  bell  engines. 

Chamber  pressures  from  1000  psia  to  3000  pain  were  investigated  for  the  aero- 
s plica  engines  and  from  1000  psia  to  2000  pnia  for  the  bell  engines. 

(C)  Three  variations  of  the  nultichoaber  configuration  were  investigated,  an 
eigit  module  configuration  with  eight  sets  of  individual  fuel  and  oxidizer 
turbo  pumps,  a  sixteen  module  configuration  with  sixteen  turbopump  sets  Jf^p,  f.'d 
•  sixteen  module  configuration  with  eight  turbopump  sots.  The  eight  module 
configurations  are  approximately  20  percent  in  length  to  the  exit  of  the 
modules  and  therefore  require  to  spike  nozzle  extension. 

(C)  Toroidal  aero  spike  weights  were  computed  using  an  existing  computer  ;  rogiaa 
developed  for  annular  nozzle  weigh*  analysis.  Multi chamber  weights  wa  « 
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oo.’nputed  using  both  an  existing  bell  engine  weight  computer  program  and  the 
annular  nozzle  wuight  program  Weight  relationships  for  structure  supporting 
the  sulti dumber  nodules  end  the  multi chamber  epike  were  based  upon  weight 
analyses  of  structural  drawings  of  E-l  cluster  configurations  and  i-rge  (IS 
to  30  eillion  pounds  thrust)  aultichaaber  bd.JiR^  seroapike  engines  (&ef.  18). 

(c)  The  engines  were  all  assumed  to  obtain  their  turbine  drive  fluid  by  tapping  off 
■tain  combustion  chamber  gases.  All  engines  W6re  assumed  to  be  regenerativeljr 
cooled  (with  N^-UDHH  below  Pc  ■  1500  and  with  NgOj^  at  chamber  pressure  of 
1500  psia  and  above)  with  supplenentsl  film  cooling  at  3 COO  psia  chamber  pres¬ 
sure.  The  results  of  parametric  heat  transfer  studies  were  used  to  determine 
tube  pressure  drop  and  conseauent  pump  discharge  pressure  reouirements* 


Results 


(C)  Engine  weights  for  the  various  configurations  are  shown  va.  area  ratio  in 
fig.  UiO  through  lli 3  •  Several  trends  can  be  seen  from  these  data.  Bogina 
weight  increases  very  rapidly  vita  increasing  area  ratio,  the  rata  of  in¬ 
crease  decreases  with  increasing  chamber  pressure.  The  single  ball  engine 
system  increases  in  weight  more  rapidly  than  the  other  configurations,  however, 
it  is  lighter  than  the  sixteen  chamber  configurations  up  to  area  ratios  be¬ 
tween  60  and  100.  The  single  ball  engine  is  approximately  equal  in  weight  to 
tha  eight  module  configuration  and  tha  toroidal  aarospike  at  low  area  ratio 
but  rapidly  become  a  considerably  heavier  than  the  aerospUcea  as  area  ratio 
increases. 


(C)  Tha  sixteen  aonula  configurations  are  consistently  heavier  than  the  eight 
module  configuration  because  of  tha  weight  of  the  spike  nozzle  extension. 
The  use  of  fewer  turbo  pumps  in  the  sixteen  module  configuration  results  in 
consistently  lower  engine  weights. 
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•  Overall  Area  Ratio  CONFUJEKTIAL 

Figure  U4I.  Engine  Weight  ve  Area  Ratio  -  F  *  2,000,000  Pounds;  P  «  1500  paia 
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•  Weight  ta  Area  Ratio  -  T  ■  2,000,000  Foundai 
2000  pale 


£_0X  X  spunod  *343 T*A  oufSaj 


(C)  The  eight  isodula  isuld.chs»Ittr  configuration  is  generally  eiigfatly  heavier  than 
toe  torot  ini  occfi  ^oration  el  though  in  certain  areas  the  wuighta  of  these  tvo 
configurations  are  ayproadjaately  the  tea*. 

(C)  Ci*  mu  data  is  rs  plotted  ts  chimb  ar  preouuro  in  Fig.  II4I4  and  lh$  for  con¬ 
stant  area  ratioo  of  20,  50,  100,  and  150.  The  follosirg  weight  trends  can 
be  observed  froa  this  type  of  plot.  The  engine  weights  all  toad  to  reach  a 
ainiraun  value  with  chsaber  pressure.  The  clumber  pressure  at  which  a  ulnlnua 
weight  is  achieved  increases  with  increasing  area  ratio.  The  single  bell 
engine  weights  are  such  uore  sensitive  to  chart  Jur  pressure  than  too  other 
configurations  at  high  area  ratios  and  they  also  achieve  a  ainlmua  weight  at 
higher  clumber  pressures  than  the  other  configurations.  The  toroidal  con¬ 
figuration  weight  appears  to  be  the  leant  sensitive  to  variations  in  chamber 
pressure. 
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Figure  UjIj.  Engine  Weight  vo  Chaabor  Pressure  - 
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Chamber  Pressure,  psia  COIfFDENTlAL 
Figure  IJjJ.  Engine  Weight  va  Chamber  Pressure  -  C  =  100  and  150 
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(U;  A  primary  consideration  la  the  selection  of  a  cult  able  combustor 
configuration  for  aarody/ianio  opika  nozzles  in  regenerative  cooling 
feasibility.  Tterofcro,  heat  transfer  studies  were  conducted  to 
detereica  regenerative  cooling  Units  (chamber  pressure,  area  ratio, 
and  thrust)  for  acrodynsiiio  spike  nozzles  with  toroidal  combustion 
ch sabers  and  with  clustered  conventional  clumbers. 

(C)  The  engines  studied  utilize  tho  storable  propellants  l?2°4  81113  NgH^-UBMS 
(50-50).  Both  propellants  were  considered  for  the  coolant.  The  range 
of  thrust  investigated  varied  from  3000  pounds  to  300,000  pounds  for 
conventional  single  chambers  and  frea  10,000  pounds  to  2,000,000  pounds 
for  toroidal  aerospikes.  Other  par  amt ter a  which  were  investigated 
included  area  ratios  to  150  and  Chester  pressures  froa  300  to  3000  psla. 

(U)  Practical  regenerative  cooling  liaita  were  established  by  performing 
a  numerical  Integration  of  pressure  drop  and  bulk  temperature  rise 
along  the  coolant  flovnath  for  rmntroa a  cases  sufficient  to  cover  the 
desired  engine  parameter  range. 

(H)  The  results  are  suxnsrlzed  in  curves  showing  the  variation  in  coolant 
pressure  drop  requirements  with  chanter  pressure,  threat  level,  coolant, 
and  (for  toroidal  cosbu store)  area  ratio  for  aeroopike  engines  using 
••anventlonal  chanters  and  toroidal  coebustors. 


Relative  Cooling  Ct  ■  hill  ties  of  the  Propellants 

(U)  before  the  cool  mi  t  pressure  drop  requirements  for  thrust  cheabera 
utilizing  and  NgH^-UDKS  (50-50)  are  discuaced,  It  ia  helpful  to 
analyze  the  cooling  capabilities  of  the  two  possible  coolants  to 
better  understand  their  characteristics  under  specific  conditions. 
Therefore,  a  discussion  of  the  merits  of  both  candidate  coolants  is 
presented. 

(c)  The  regenerative  cooling  capabilities  of  both  candidate  coolants  depend 
greatly  upon  the  coolant  pressure.  Below  the  critical  pressure  of 
N.,0^  ( approximately  1500  psia)  UDKH-N^H^  is  the  superior  coolant. 

Above  its  critical  pressure,  is  the  better  coolant.  This  is 
primarily  because  the  heat  transfer  coefficient  is  increased  (approximately 
doubled)  by  the  endothermic  dissociation  of  to  at  the  coolant 
tube  wall  (Sef.  13  ). 


(C)  The  cooling  capabilities  of  both  candidate  coolants  at  subcrltlcal 

pressures  are  compared  in  Fig.  Under  these  pressures,  the  coolant 

wall  temperature  must  be  kept  approximately  equal  to  the  saturation 
temperature  of  the  coolant.  7f  the  wall  temperature  is  above  the 
saturation  temperature,  bulk  boiling  occurs.  This  will  cause  tube 
burnout. 

(C)  The  wall  temperatures  shown  in  Fig.  1 46  for  H.,0^  are  the  corresponding 

saturation  temperatures  for  vapor  pressures  of  500  psia  (T  =  660  deg.  S) 

wc 

end  1500  psia  (T  a  760  deg.  S).  The  wall  temperatures  shown  for 
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Figure  1L6.  Coolant  Velocity  Head  Reriuireffienta  vs  Coolant  Bulk 
and  Vail  Teoperatur# 


HgH^-OTHS  (50-50)  ere  the  eeturstica  temperature  for  *  vapor  presear* 
of  500  pels  (?  »  860  deg.  B)  *ad  *n  experimentally  determined  upper 

allowable  temperature  of  500  deg*  F.  Above  thie  vail  temperature 
exothermic  decomposition  of  the  fuel  can  occur  as  reported  in  Bef.  14  . 

At  a  vapor  pressure  of  1500  psria  the  maturation  temperature  of  50-50 
fuel  is  above  the  500  deg.  F  vail  temperature  Unit. 

(C)  A  eaall  increase  in  bulk  temperature  sharply  increases  the  coolant 
velocity  bead  (and  pressure  drop)  requirement.  The  required  velocity 
head  increases  by  a  factor  of  four  when  the  bulk  temperature  increases 
from  500  deg.  B  to  opO  deg.  B  for  a  coolant  vail  temperature  of  760  deg. 
B.  Far  the  same  vapor  pressure  of  500  pt  ia  and  the  some  bulk  temperature 
of  600  deg.  B,  the  velocity  head  requirement  of  coolant  is  50 
times  as  large  as  the  requirement  for  50-50  fuel.  These  results  clearly 
indicate  the  superior  cooling  capability  of  50-50  fuel  at  subcritical 
pressures. 

(C)  The  velocity  bead  require aenta  for  both  coolants  at  supercritical 
pressures  are  shown  la  Fig.  li#  The  coolant  side  vail  temperatures 
of  980  deg.  B  for  50-50  fuel  and  1060  deg.  P.  for  are  the  maximum 
allowable.  A  600  deg.  7  vail  temperature  limit  appears  necessary  with 
coolant  to  prevent  oxidation  of  the  tube  vail.  For  a  coolant  bulk 
temperature  rang*  from  500  deg.  B  to  750  deg.  B(  the  velocity  bead 
requirement  of  50-50  fuel  is  approximately  six  times  am  large  as  the 
requirement  for  W.O^.  Thus  is  the  superior  coolant  at  supercritical 
pressures. 
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Figure  llj7.  Coolant  Velocity  Head  Requirements  vs  Coolant  Bulk 
Temperature  and  Vail  Temperature 
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Sgjrenrrattvg  C  -iUp^  T-*'  *tn  for  Conventional  Cor.buatora 

(C)  Jo  investigate  the  regenarutive  cooling  limits  1‘or  multicheaber 

aerosptkes  with  a  total  thruat  range  from  20,000  pounds  to  2,000,000 
pounds  it  is  necessary  to  deter^ins  the  limits  for  multichamber  modules 
of  uuch  lower  thrust  level.  This  is  because  conventional  chambers 
clustered  in  groups  of  8  or  more  comprise  a  typical  multichamber 
aeroepiku  configuration.  As  will  be  shown  these  modules  become 
increasingly  difficult  to  cool  regeneratively  as  the  module  thrust 
level  decreases.  In  this  study  module  thrusts  from  3,000  pounds  to 
300,000  pounds  were  analyzed  to  cover  the  total  multichaaber  engine 
thrust  rarje  of  interest. 

(C)  The  criterion  used  to  Judge  regenerative  cooling  feasibility  is  the 

coolant  pressure  drop.  This  is  the  most  practical  criterion.  However, 
it  is  the  most  difficult  to  obtain.  Each  case  requires  numerical 
integration  along  the  coolant  flow  path  using  a  digital  computor 
program.  In  this  analysis  of  conventional  chambers  N^H^-UDMH  (50-50) 
was  used  as  the  coolant  at  chamber  pressures  below  1500  psia  and  H^Oj, 
was  used  at  chamber  pressures  above  1500  psia.  The  resultant  parametric 
pressure  drop  curves  and  the  method  of  analysis  are  discussed  in  the 
following  paragraphs. 

(c)  Kethod  of  Analysis.  For  the  analysis  of  conventional  thrust  chambers 
cooled  with  UD/S-IJ^H^  (50-50)  the  specific  cases  analyzed  on  the  DSM 
computer  were  thrustaof  10,000  pounds,  60,000  pounds,  and  300,000  pounds 
and  chamber  pressures  of  50  psia,  150  psia,  600  psia,  and  1200  psia. 

The  nozzles  wcrs  assumed  to  have  an  area  ratio  of  100  but  were  regeneratively 


cooled  to  area  ratios  of  3,  8*  30  and  30,  respsctivsly,  at  each  of  the 
above  chamber  pressures.  The  specific  cases  analyzed  are  listed  in 
Table  10  . 


(C)  For  the  analysis  of  conventional  chambers  with  cooling,  the 

operating  ranges  were  chamber  pressure  from  1500  psia  to  5000  psia  and 
engine  thrust  levels  from  3,000  pounds  to  300,000  pounds.  The  nozzles 
were  assumed  to  be  entirely  regenerative ly  cooled  with  an  area  rctlo  of  100. 
The  specific  ces«a  analyzed  are  tabulated  in  Table  11 . 

(c)  The  thrust  chamber  utilizes  N^O^ /  UEKH-N^H^  (50-50 )  propellants  at  a 
mixture  ratio  of  2.0.  Frozen  equilibrium  C*  performance  (100  percent 
of  theoretical)  and  a  nozzle  thrust  coefficient  of  1.8  were  assumed. 

A  single  down pass  coolant  circuit  was  used  to  obtain  the  lowest 
coolant  pressure  drop  conditions. 

(u)  The  local  heat  flux  Q/A  which  must  be  dissipated  through  the  chamber 
wall  is  given  by 

V*  .  hs  <T„  -  ^Q) 

(C)oie  gas  side  film  coefficient  b  was  determined  by  the  simplified  Sorts 

O 

equation 
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where 


cr  s 


'f  ** 


2pOO  3  16.4  250  36.6  380  1535 

2600  3  16.4  280  3G.0  600  2940 


and  la,  simply  stated,  a  function  of  the  properties  of  the  combustion  pro¬ 
ducts  and  the  local  siu-s  Telocity.  The  e-‘iabatlc  well  temperature  7^  is 
relatively  invariant  throughout  the  noztle  and  ia  nearly  equal  to  the 
combustion  teapemture.  It  ia  relatively  insensitive  to  all  chamber  oper¬ 
ating  conditions  except  mixture  ratio.  The  gas  aide  wall  teaperature  T^, 
ia  a  variable  dependent  upon  the  •saxicua  operating  teaperature  which  a 
selected  tube  wall  material  ran  auatain  while  maintaining  a  aatiafactory 
strength.  For  this  analysis  inconel  X  and  347  stainless  steel  were  used 
for  chambers  cooled  with  fuel  and  oxidizer,  respectively.  The  aaxiim 
useful  uall  temperature  T,_  used  for  these  materials  waa  16C0  deg  F. 

(C)  Typical  peak  heat  fluxes  encountered  at  the  throat  of  conventional 

chambers  and  continuous  annular  throat  toroidal  coabustors  are  shown  in 
Pig.  148  .  These  curves  were  computed  assuming  a  T^,  equal  to  1600  deg 
F  and  using  the  equations  above  for  bg  and  q/a.  Mien  considering  a 
conventional  chamber  6^  ia  the  throat  radius,  while  6^  is  the  throat 
gap  for  a  continuous  annular  throat  toroidal  combustor.  °ay  be 
computed  from 


Host  practical  applications  ere  within  the  reage  of  shown. 

(0  Por  steady  state  beat  conduction  the  heat  flux  conducted  through  the  tub* 
vail  satisfies  the  relationship 
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Figure  143.  Peak  Heat  Fluxes  for  Dell  Nozzles  and  Continuous  Annular 
Throat  Toroidal  Combustor 
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share  k  and  X  are  the  cat*<riel  thermal  conductivity  end  veil  thickness, 
respectively,  end  la  the  coolant  aide  tfe.ll  temperature.  For  thia 
analyeis  a  nail  thickness  (inconel  X)  of  .012  inch  end  a  marlnum  coolant 
aide  wall  temperature  of  500  deg.  7  were  assumed  with  fuel  coolant.  For 
chanbore  coolod  with  ll^O^  a  wall  thickneoa  (547  atelnleaa  ateel)  of  0.01 
inch  and  a  u&xinua  coolant  eida  veil  ttupsrature  of  600  dog.  F  waa  used. 


(C)  Figure  149  shows  the  tmruiua  heat  flux  that  can  be  paaa6d  through  a  tuba 
trull.  By  imposing  the  maxima  possible  temperature  differential  acroaa  a 
given  material,  the  murlcua  possible  heat  flux  is  determined  &a  a  function 
of  vail  thickness.  Tbs  rejulta  are  shown  for  three  selected  bateriala; 

347  otainlees  steal,  inconel  X,  and  a  molybdenum  alloy  TOC.  Stainleea 
a  teal  and  inconel  X  are  materials  with  a  anxietw  useful  temperature  of 
approximately  1600  deg.  F«  The  working  temperature  of  T2M  was  also  assumed 
to  be  1600  dog.  F  for  comparative  purposes  although  ita  maxima  allowable 
temperature  la  approximately  25C0  deg.  F.  From  the  graph  the  merits  of  a 
refractory  material  can  be  easily  realized. 


(C)  FOr  a  practical  tube  well  thickness  of  0.01  inch,  the  maxima  heat  flux 
which  con  bs  passed  through  a  347  stainless  steel  tube  wall  is  41  Btu/sq. 
in.  sec.  For  0.012  inch  Inconel  X  tubing  a  peak  heat  flux  of  41  Btu/aq.  in. 
sec.  can  be  passed  through  the  vail.  In  certain  applications  where  tubing 
strength  is  a  factor,  inconel  X  is  preferable  to  347  atainleea  steel  be¬ 
cause  ita  strength  ia  much  greater. 


(C)  The  local  heat  flux  la  absorbed  entire!/  by  the  coolant  according  to  the 

following  expression  which  must  be  satisfied  steulteneously  with  tbs  previous 
twt  steady  state  expressions 

-  VVi  -  V 
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Figure  149 .  Heat  Conduction  Limits  of  Various  Materials 
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where  is  the  coolant  bulk  tempoiaturs  and  the  coolant  aid*  fils  coef¬ 
ficient  bfl  in  cooputod  free  an  empirical  conflation  of  experimental  data 
developed  at  Rocketdyne. 

-  -£■  •  0.005  Re0,95  Pr0,4  <fi 

(C)  lbs  enhancement  factor  <p  la  used  for  cooling  at  supercritical  pressure 
to  account  for  tbs  large  increase  in  ita  cooling  capacity  caused  by  the 
endothermic  dissociation  of  1,0.  to  NO,  at  the  tube  vail. 

(C)  The  relationships  described  above  are  programed  for  machine  computation. 

The  three  equations  describing  the  heat  flux  are  solved  simultaneously  at 
numerous  stations  along  the  thrust  ohaaber  using  is  posed  restrictions  such  as 
maximum  1^,,  tube  thickness,  maximum  T^,  etc.  Coolant  bulk  temperature 
rise,  velocity  end  pressure  drop  are  computed  at  the  seme  stations  and, 
where  applicable,  numerically  Integrated.  The  cooling  feasibility  curves 
discussed  in  the  following  paragraphs  vers  generated  using  this  computer 
program. 

(C)  Results.  The  coolant  jacket  pressure  drop  v'th  coolant  at  super¬ 
critical  pressures  is  shown  as  a  function  of  chamber  pressure  in  Fig.  150 . 
lhe  sharp  inflection  of  tha  curvat.  clearly  defines  the  maximum  feasible 
operating  chamber  pressure  within  a  narrow  band  for  a  given  thrust  level. 

The  smallest  engine  which  was  regeneratively  cooled  wa3  approximately  3000 
pounds  thrust  with  a  maximum  chamber  pressure  Unit  of  1500  psia.  For 
the  maximum  thrust  level  considered  of  300,000  pounds,  the  limiting  chamber 
pressure  was  approximately  2650  psia.  For  the  Intermediate  thrust  levels 
of  10,000  pounds  and  50,000  pounds,  the  limiting  chamber  pressures  verm 
approximately  1750  pela  and  2150  pels  respectively. 
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(C)  The  data  Is  replotted  la  Fig.  151  shoving  the  Halting  ehsaber  pressure  vs 

thrust  level  with  ratio  o t  tubs  pressure  drop  to  chamber  pressure  as  e 

parameter.  Since  a  very  snail  gain  in  tbs  oaxlcua  operating  chaabsr 

pressure  Holt  (100  psl  to  200  psi)  la  experienced  by  increasing  the  AP/P 

c 

froa  0.4  to  1.3  it  is  acre  likely  that  tbs  loser  Halt  cures  would  be  used 
la  an  actual  engine  application. 

(C)  Tor  use  in  a  multichsmbar  aerodynamic  spike  nozzle  application  over  a 

thrust  range  froa  20,000  to  2,000,000  pounds  a  cluster  of  8  chambers  would 
have  in  .vidual  thrusts  of  froa  2500  to  250,000  pounds.  The  curves  indi¬ 
cate  that  regenerative  cooling  with  above  its  critical  pressure  is 
feasible  for  conventional  thrust  chambers  in  this  thrust  range.  Extrapola¬ 
tion  of  the  A  P/P  -  0.4  curve  to  2500  pounds  thrust  ehowa  a  maxi  cue 
c 

chamber  pressure  of  approximately  1350  pels.  The  sane  curve  indicates  a 
maxim  chamber  pressure  of  approximately  2375  peia  for  a  250,000  pwad 
thrust  engine.  A  cluster  of  16  engines  with  a  total  thrust  of  2,000,000 
pounds  and  an  individual  engine  thrust  of  125,000  pounds  has  a  Maxiaua 
.  chamber  pressure  lloit  of  approximately  2200  peia.  Thus  for  the  sane  total 
thrust  level  the  use  of  a  larger  nunber  of  clustered  engines  will  reduce 
the  Mariana  engine  operating  pressure  a  significant  amount. 

(C)  The  coolant  pressure  drop  with  UDKH-HjH^  ( 50-50 )  coolant  is  shown  as  * 

function  of  chamber  pressure  in  Tig.  152  .  It  can  be  seen  that  the  pressure 

drop  requirements  increase  gradually  over  a  wide  range  of  chamber  pressure 

asking  it  rather  difficult  to  select  a  distinct  maximum  operating  chamber 

pressure.  If  an  arbitrary  AP/P  limit  of  2.0  (whiob  is  far  in  excess 

c 

of  the  nomal  design  value)  is  assumed  than  maximum  chamber  pressure  for 
thrusts  of  10,000  pounds,  60,000  pounds  and  300,000  pounds  are  250  peia, 

1200  pals,  and  2000  peia,  respectively. 

(C)  The  data  are  repletted  in  tents  of  Maximum  chamber  pressure  as  a  function 
of  thrust  level  in  Pig.  155  .  Using  the  Ap/?e  ■  2.0  curve  for  a  module 
thrust  of  2500  pounds  an  elght-oodule,  fuel  cooled,  multi  ehsaber  configuration 
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Figure  *52.  Pressure  Drop/Chaaber  Pressure  rs  Chamber  Pressure 

for  ?ell  Thrust  Chambers  Using  UDMK-N-H. (50-50)  as  Coolant 
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would  haw  a  waxiinsi  chamber  pressure  of  approximately  70  pula.  With 

coolant  at  supercritical  pressure  this  module  alze  could  operate  at 

1550  pa  la  with  a  AP/PQ  »  0.4.  At  this  thrust  level  there  la  therefor*  a 

large  rang*  of  chamber  pressure  (approximately  70  to  1250  psia)  over  which 

neither  coolant  la  satisfactory.  This  occurs  because  cooling  with  N^O^  at 

rubcritlcal  pressure  results  in  tube  pressure  drops  higher  than  with  fuel 

coolant  and  cooling  with  supercritical  requires  that  the  coolant  exit 

the  tubes  at  approximately  1500  peia(  regardless  of  the  chamber  pressure. 

Sire*  a  ncainal  injector  pressure  drop  is  10  to  20  percent  cf  the  chamber 

pressure,  the  excess  of  the  tube  exit  pressure  over  the  required  injector 

inlet  pressure  is  wasted.  Proa  Pig.  155  it  appears  that  this  awkward  region 

(between  P  =  1250  osia  and  the  AP/P  »  2  curve)  where  neither  coolant 
c  c 

is  entirely  satisfactory  at  intermediate  chamber  pressures  extends  to  * 
nodule  thrust  level  of  approxinately  80,000  pounds  or  an  eight-nodule 
wulti chamber  thrust  level  of  640,000  pounds.  The  range  of  undesirable 
chaaber  pressures  decreases,  however,  as  the  thrust  level  increases. 

(C)  The  ■«>Tijii«i  chaaber  pressure  with  fuel  cooling  for  an  eight-aodule  nulti- 

chenber  configuration  of  2,000,000  pounds  thrust  is  approxinately  2,000 

psia  (  A  P/P  »  2.0  curve)  compared  to  approxinately  2400  psia  for  chambers 
c 

cooled  with 

regenerative  Cooling  Limits  for  Toroidal  Ccabustors 

(C)  KaxiouB  chamber  pressure  limits  with  full  regenerative  cooling  were  deter- 
wined  for  aerodynsaic  spike  thrust  chambers  using  a  toroidal  type  chamber 
construction.  Machine  computation  of  pressure  drops  and  bulk  temperature 
rise  vers  conducted  assuaing  a  continuous  annular  throat  configuration.  The 
nsults  also  re  prerent  upper  limits  for  other  types  of  toroidal  chamber 
construction  suoi  as  the  subsonic  tube  and  the  sonic  tube  shown  in  Fig.  121.  ■ 
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The  chambera  were  analyzed  using  (50—50)  coolant  and  H.,0^  coolant 

at  both  aubcritical  and  {supercritical  preaeuro.  The  renulto  era  preeentod 
in  parametric  curvea  of  BAxiiaua  chamber  pleasure  as  a  function  of  tha  ratio 
of  engine  thrust  to  engine  dianeter  and  of  area  ratio, 

(C)  tfcthod  of  Analysis.  The  method  of  analysis  for  toroidal  chambers  is  e^nilar 
to  that  described  for  tha  f-onventicnal  chamber*/  with  one  major  diffeitr.ee. 

A  boundary  layer  approach  (Ref.  15  and  16)  was  eaployed  to  calculate  the 
gae  side  convective  coefficients  of  the  annular  nozzles. 

(c)  Tha  conventional  tube  material  selected  for  the  study  was  347  stainless 
steel  with  a  tube  thickr.e3a  of  0,010  inch.  Tha  material  was  aaouised  to 
have  a  maximum  allowable  temperature  of  1600  deg.  F.  Eie  hoop  radius  of 
the  combustion  chamber  was  three  inches  with  Ihe  engine  having  an  £  equal 
to  100  ar.d  a  20-percont  length  nozzle.  For  the  overall  area  ratio,  a 
thrust  coefficient  of  l.fi  was  aaeumed. 

(C)  At  the  subcritical  pressures,  the  coolant-side  wall  temperature  was  assumed 
equal  to  the  saturation  temperature.  Thin  saturation  temperature  is  deter¬ 
mined  by  the  allowable  coolant  vapor  pressure.  The  coolant  vapor  pressure 
must  bo  less  than  the  coolant  static  pressure  to  prevent  a  bulk  boiling 
condition.  Above  the  critical  pressure,  tha  coolant-aide  wall  temperature 
was  taken  an  500  deg.  ?  for  50-50  fuel.  Above  this  temperature,  the 
capability  of  50-50  fuel  was  found  to  be  limited  because  of  tube  failure 
apparently  caused  by  rapid  thermal  docccposition  at  the  veil.  Vith  1^0^ 
as  the  coolant,  the  limiting  wall  temperature  was  600  deg.  ?.  Above  this 
wall  temperature,  oxidation  occurs  which  limits  the  coiling  design.  As 
ehe  chamber  pressure  is  increased  from  the  critical  pressures  for  either 
coolant,  the  coolant  wail  temperature  is  forced  down  because  of  the  limita¬ 
tion  placed  on  the  gas  side  wall  temperature.  When  the  coolant  wall 
temper  Pure  is  decreased,  the  weight  flow  requirement  per  tube  increases.  In 
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ordsr  to  meet  the  might  flow  requirement  per  tube,  multiple-peas  cooling 
circuits  were  neoeaeaxy.  The  number  of  passes  varied  for  the  different 
operating  conditions  that  were  enalyzed. 

(C)i  multipass  configuration  is  illustrated  in  fig,  154  ,  The  coolant  flow 
circuit  begins  at  the  injector,  proceeds  to  the  nozzle  skirt  exit,  end 
continues  back  through  another  set  of  tubes  to  the  injector,  ftiia  cons  it- 
tutes  a  2-pass  cooling  circuit.  For  other  cooling  circuits,  the  pattern 
will  be  similar  but  with  more  passes. 

(C)  A  similar-type  cooling  circuit  was  assumed  for  the  shroud  part  of  the 

toroidal  thrust  chamber.  The  total  coolant  flowrate  was  split,  half  of  it 
cooling  the  nozzle  part  of  the  thrust  chamber  and  the  other  half  cooling 
the  shroud  part.  It  was  assumed  that  the  pressure  drop  and  temperature 
rise  were  the  same  in  either  section. 

(C)  The  pressure  drop  evaluation  was  conducted  for  continuous  annular  throat 
toroidal  thrust  chambers  only.  Similar  computations  to  include  configura¬ 
tions  such  as  the  segmented  annular  throat  toroidal  chamber,  the  subsonic 
toroidal  chamber,  and  the  sonic  toroidal  chamber  were  not  done.  However, 
the  limits  established  by  the  present  study  are  also  applicable  as  upper 
limits  for  the  other  toroidal  combustors.  Each  of  the  previously  mentioned 
design  configurations  have  more  surfece  area  which  must  be  cooled  than  its 
counterpart  continuous-throat  annular  chamber.  Thus  it  would  be  expected 
that  the  former  designs  will  require  higher  pressure  drops  and  bulk 
temperature  rises. 

(C)  The  study  was  conducted  for  engines  with  »  combustor  hoop  radius  of  three 
and  an  area  ratio  of  100.  Ait  ths  results  are  applicable  to  other  hoop 
dimensions  md  ares  ratios.  The  total  heat  Input  in  the  combustor  varies 
slightly  with  combustor  hoop  radius.  Thus,  the  pressure  drop  is  approximately 
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the  ease.  Tor  the  annular  engine  the  ideating  conditions  at  a  given  chamber 
pressure  noimalizo  aa  a  function  of  engine  thrust  to  annular  throat  disaster 
f/D.  Proa  the  simplified  relationships  below  for  a  continuous  throat 
toroidal  uaroapike  it  can  be  seen  that  specifying  the  thrust  and  throat 
diameter  determines  the  throat  gap  and  area  ratio  at  a  given  chamber 
pressure. 


*  -  Pc  \  CP  "  Po  W 
€«  kjkt  -  d/4  d* 

P/D  «=  P  C_rTD/4£ 
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(C)  Results.  Pressure  drop  and  gaa  side  wall  temperature  limit  curves  for 

UEKS-N^  (50-50)  and  aa  coolants  are  shown  in  Pigs.  155  and  156  . 

The  values  are  plotted  a a  a  function  of  chamber  pressure  end  the  ratio  of 

thrust  to  engine  diameter.  The  region  to  the  left  of  the  lines  of  constant 

is  unfeasible  since  the  lines  represent  a  condition  where  T^  equals 

Tyg.  The  limit  lines  of  constant  T^,  also  represent  a  condition  where  the 

coolant  bulk  temperature  equals  the  coolant  side  wall  which  in  turn  assumes 

an  infinite  coolant  velocity  and  pressure  drop.  The  limit  lines  based 

upon  constant  values  of  AP/P„  are  more  realistic  since  they  ahow  the 

c 

practical  limitations  of  coolant  pressure  drop  baaed  upon  detailed  analysis 
of  the  engine  coolant  circuit, 

(C)  It  can  be  aeen  that  the  AP/?c  limit  curves  correspond  closely  to  the  T^, 
and  limit  carve 3  for  cooling  at  supercritical  pressures  but  are 
considerably  below  the  T^  and 
Hj.  j  at  aubcritica.1.  pressure.  This  is  because  the  velc.ity  head  require¬ 
ment  for  X.O,  above  Its  critical  pressure  la  almost  constant  for  a  considerable 
<  4 

range  of  bulk  temperature  values  (Pig.  147  )  wlierets  It  ie  not  for  fuel  and 
at  srbcritieal  pressures  (Pig.  146). 
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Figure  ]55,  Coolinc  PeiBlaility  Limits  and  Pressure  Drops  for  Continuous 
Annular  Throat  Toroidal  Combustors  Using  as  Coolant 


Cool  inf:  KenniM  Mty  T.lmitn  arv!  I’rosnuro  Drops  for  Continuou: 
Throat  Tor^Hs1  Cnmburtorn  V’-i.rf  N  O. or  Coolant 


(Cl  Th*  pressure  drop  licit  curves  ere  ruplottsd  in  more  recognirsble  term  In 
?iga.  157  and  153  >  Figures  157  and  153  enow  tha  maximal  im  ratio  aa  a 
function  of  chamber  pressure  for  thrust  levels  froa  10,000  pounds  to 
2.000,000  pounds.  He  liait  curvoo  for  fuel  coolant  are  based  upon  a  AP/?C 
value  of  2.0.  The  licit  curves  for  coolant  at  euberitlcal  end  super- 
critical  pressures  are  based  upon  constant  AP/Pc  value  a  of  2.0  and  0.6 
respectively.  It  eJiculd  be  noted  that  the  bell  chamber  limit  curves  were 
essentially  independent  of  area  ratio  while  the  limiting  chamber  pressure 
for  annular  nozzles  is  a  strong  function  of  area  ratio. 

(C)  For  both  fuel  and  oxidizer  coolant  the  curves  in  Figs.  157  and  158  shoe 
similar  trends.  A a  the  thrust  level  decreases  the  range  of.  area  ratios 
and  chamber  pressures  which  can  be  regeneratively  cooled  decreases.  For 
an  engine  thrust  level  of  20,000  pounds  end  intermediate  chamber  pressures 
of  500  to  approximately  1250  psie,  cooling  with  below  its  critical 
pressure  is  not  feasible  while  fuel  eoolent  is  feasible  only  to  area  ratios 
of  approximately  5.  However  extrapolation  and  interpolation  of  the  limit 
curves  for  supercritical  h'gO^  to  1250  pels  chamber  pressure  and  20,000 
pounds  thrust  indicates  that  an  area  ratio  of  approximately  50  may  be  re¬ 
generative  ly  cooled.  His  is  similar  to  the  situation  encountered  for 
conventional  chambers  of  low  thrust  level. 

(C)  For  the  upper  thrust  love,  of  interest,  2,000,000  pounds,  the  chamber 
pressure  limit  for  a  nominal  area  ratio  of  40  is  approximately  1800  psia 
with  fuel  coolant  and  approximately  2275  for  coolant.  These  values 
ore  comparable  with  the  eight-module  2,000,000  pound  thrust  multichaaber 
limits  of  2000  pels  and  2400  psia  for  fuel  and  oxidizer  coolants,  respec¬ 
tively. 
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Alt-rranta  rbj Ign  Techniques 

(C)  The  effort  in  this  study  concentre  tod  on  establishing  regenerative  cooling 
limits  for  aeroapiLe  comb  istora  using  conventional  materials.  It  should  be 
noted  however  that  the  region  of  applicability  of  these  combustor  concept* 
can  be  extended  by  alternate  design  techniques.  Thu s.  marginal  designs 
shown  in  the  figures  can  bo  cooled  with  judicious  changes  frou  the  set 
conditions  specified  in  the  study.  In  the  subsequent  discussion,  the  above 
desirable  changes  will  be  discuosad  in  conjunction  with  tbs  aerospike  design. 

(c)  Licret  tie  Coo-lcnt  Vail  Ten  p?  nature.  Near  the  throat  region  at  high  chamber 
pressures,  the  coolant-cide  wall  temperatures  were  lower  than  the  maximum 
allowable  value.  This  was  because  of  the  limitation  placed  on  tie  gas-side 
wall  temperature.  Thus  by  selecting  a  material  which  cen  withstand  a  higher 
gas-side  vail  temperature,  an  Increase  in  the  coolant  aids  wall  temperature 
can  be  realized. 

(C)  Fix*  the  heat  conduction  equation 

<«»-v 

increase  in  the  conductivity  ef  a  selectod  material  will  also  be  bene¬ 
ficial.  This  will  reduce  the  temperature  gradient  through  the  coolant  tube 
walls. 

(C) .Another  property  of  a  selected  material  is  the  yield  strength.  With  a 
higher  strength  material,  the  minimum  tube  thickness  can  be  decreased. 

Blis  in  turn  will  increase  too  coolant  wall  temperature.  Thus  it  would 
be  desirable  to  select  a  material  which  has  a  higher  gaa-eide  ms  view 
allowable  wall  temperature,  higher  thermal  conductivity,  and  higher  yield 
strength.  Refractory  me tala  will  fit  the  three  categories. 
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(C)  Ccrvati’-re  gfgectg  at  the  flvrost  R>glca.  The  rsajor  probles  la  cooling  the 
aeroapike  design  is  the  hi^h  beat  flux  located  at  tbs  throat  region.  In 
order  to  cool  thia  portion  of  tha  nozzle,  a  high  coolant  maaa  velocity  la 
necessary.  Consequently  a  high  jacket  pres  aura  loss  ia  Induced  (See  fig. 
159) .  One  wane  of  decreasing  tha  pressure  drop  ia  to  utilize  tha  en- 
hanesaent  of  tbs  coolant  associated  with  particular  tuba  curvatures. 

Rocket dyne  has  investigated  curvature  effects.  An  exaspls  of  the  results 
can  ba  seen  is  fig.  160.  A  definite  increase  in  cooling  capability  le 
realized  when  the  coolant  undergoes  a  rapid  turning.  A  considerable  amount 
of  theoretical  and  axperinental  effort  is  still  necessary  to  correlate 
influencing  itesa  such  as  tha  effect  «f  the  ratio  of  tube  disaster  to  radius 
of  curvature  and  bulk  Reynolds  amber. 

(C)  fens  Transfer  Cooling.  Augmenting  the  fully  regenerative  design  with  aasa 
transfer  cooling  aethods  will  reduce  the  heat  input  to  the  coolant.  Con¬ 
sequently,  a  lower  pressure  drop  can  be  realized. 

(c)  Possible  aethods  are  transpiration  coaling,  filx  cooling,  and  ablation 
cooling.  Transpiration  cooling  involves  tha  introduction  through  a  porous 
wall.  Pila  cooling  ia  realized  by  introducing  a  flla  of  coolant  onto  tha 
gsa-aide  region  through  discrete  slots  or  openings.  Tha  Halting  case  of 
flla  coaling  ia  transpiration  cooling.  Ablation  cooling  ia  accoapliabed 
by  utilizing  a  wall  arterial  that  will  selt,  sublime,  or  dsconpoa*  whan 
introduced  to  the  hot  gas  stress.  These  methods  are  similar  in  that  the 
coolant  cat# rial  absorbs s  boat  fro*  the  sain  stress  gas  and  la  then  in¬ 
jected  back  into  the  sain  stress.  Thus  the  overall  hast  flux  which  enters 
tie  coolant  Jacket  ia  reduced.  In  sons  eases,  this  reduction  can  be 
coiaidermbla,  Zt  ia  quite  feasible  that  ablation  cooling  say  be  applicable 
as  r  single  neons  of  cooling. 
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Figure  159.  typical  Stagnation  Preanure  of  Coolant 
vs.  Axial  Length 


Figure  160  .  CONCAVE  TO  CONVEX  SURFACE  HEAT  TRANSFER  RATIO  FOR  CURV10  TC3E 
EXPERIMENTS,  COR'IECTED  FOR  DISSOCIATION  INFLUENCES 


Capclnaioas 

(C)  Significant  conclusions  resulting  from  this  study  era  the  following! 

1.  Regenerative  cooling  of  both  aultichtimber  and  toroidal 

chamber  aeroepikes  becomes  increasingly  difficult  aa  angina 

thrust  level  is  decreased.  At  the  20,000  pound  thrust 

level  regenerative  cooling  of  either  multichamber  or  toroidal 

chamber  aerospikes  appears  possible  only  with  N„0.  coolant 

c.  4 

fit  supercritical  pressures.  An  alternate  design  approach 
such  as  an  abietive  ciuubcr  say  be  desirable  for  low  thrust 
node rate  chamber  pressure  applications. 

2.  Por  the  upper  thrust  level  range  of  interest,  2,000,000 
pounds,  the  maximum  chamber  pressures  for  regenerative 
cooling  attainable  with  a  toroidal  aerospike  are  approxi¬ 
mately  200  psi  lover  than  with  an  eight-module  multi  chamber 
and  are  approximately  the  same  as  with  a  sixteen-module 
aerospilce. 

3.  Regenerative  cooling  limits  for  the  multichamber  engines 
ar»  relatively  insensitive  to  either  the  module  area  ratio 
or  the  cluster  area  ratio.  The  chamber  pressure  limits 
for  an  annular  throat  configuration  are  a  strong  inverse 
function  of  area  ratio. 

4.  If^O^  above  its  critical  pressure  is  a  better  coolant  than 
TOKa-H^  (50-50).  Below  the  critical  pressure  of 

the  superiority  of  the  coolants  is  reversed. 

5.  The  range  of  feasibility  of  both  combustor  concepts  may  be 
extended  from  that  Indicated  here  by  using  alternate  de¬ 
sign  techniques  such  as  refractory  tubing  or  coatings  and 
partial  or  full  mass  transfer  cooling. 
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DESIGN  STUDIES 

(C)  Ihe  objective  of  this  portion  of  the  program  was  to  determine  effective 
methods  of  utilizing  toroidal  and  multi  chamber  constructions  for  aero¬ 
dynamic  spike  configurations.  Combustors  considered  included  several 
toroidal  types  and  clustered  conventional  chambers  with  both  circular 
and  noncircular  exits.  The  studies  covered  a  range  consistent  with 
Air  Force  propulsion  requirements.  These  requirements  include  thrusts 
from  20,000  pounds  to  2,000,000  pounds,  chamber  pressures  from  300  psia 
to  3000  psia,  and  expansion  area  ratio  of  150. 

(C)  Employing  design  guidelines  presented  in  the  analysis  section  of  this 
report,  layouts  of  representative  systems  which  use  multichaaber  or 
toroidal  aerodynamic  spike  nozzles  were  made  together  with  corresponding 
conventional  single  bell  engine  systems.  The  design  points  selected 
for  each  system  are  shown  in  Table  12  ,  These  points  cover  the 
parameter  range  of  interest  and  were  selected  to  take  advantage  of 
previous  design  investigations  at  the  same  operating  conditions. 


TABLF  12 


POINT  DESIGN  PARAMETERS 


Thrust 

(1000  pounds) 

Chamber  Pressure 
(psia) 

Area  Ratio 

1 

-| 

bo 

500 

1 

100  1 

350 

^000 

150 

658 

300 

10 

2000 

2000 

50 

287 


(C)  The  pur poet  of  these  layouts  was  to  gain  laoight  into  the  structural 
and  operational  aspect a  of  systems  employing  the  toroidal  and  multi- 
chamber  combustor  concepts  and  to  appraise  the  systems  size  sad 
complexity  relative  to  the  more  conventional  bell  engine  system.  Za 
Table  13  the  major  characteristics  of  the  systems  investigated  at 
each  of  the  four  selected  design  points  are  presented.  When  designing 
the  engine  systems,  different  multichaabcr  configurations  (round,  and 
splayed  exits,  rig.  161 )  and  different  toroidal  combustor  config¬ 
urations  (subsonic  tube  and  baffled  annular.  Fig.  12l)  were  selected. 
The  purjxjse  of  this  was  u>  become  familiar  with  the  structural  and 
functional  aspects  of  the  different  combustors.  The  choice  of 
combustor  at  a  given  design  point  was  arbitrary.  The  aerodynamic 
spike  nozzle  lengths  shown  were  also  selected  arbitrarily  end  do  not 
represent  the  remits  of  a  performance  optimization.  The  paragraphs 
that  follow  describe  the  desiffl  features  of  each  of  thu  selected 
systems}  advantages,  disadvantages,  and  potential  problem  areas  are 
exposed  in  the  process. 


Point  Designs  -  ^.OOP-Found  Thrust  Level 

(C)  Layouts  of  typical  to ,000- pound  thrust  multichanber  and  toroidal 
chamber  aerodynamic  spike  engines  together  with  a  conventional  bell 
thrust  chamber  are  shown  in  Tigs.  162  ,  163  ,  and  164.  The  overall 
expansion  area  ratio  of  each  engine  is  100  and  the  chamber  pressure 
is  500  psia. 

(c)  The  multichasbcr  configuration  consists  of  a  cluster  of  12  conventional 
regenei atlvely  cooled  chambers  with  tangent  chamber  exits.  Vith  tangent 
circular  exits,  the  ratio  of  the  overall  ares  ratio  to  the  module 
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MAJOR  SYSTEM  PARAMETERS 
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Figure  162.  Aero  spike  Engirt  System, 
MultichanLer,  Low  Thmst, 
And  Low  Chamber  Pressure 
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area  ratio  €j(  ie  essentially  (with  a  weak  dependence  on  nodule  tilt 
angle,  Esf.  3)  a  funotion  only  of  the  number  of  clustered  chambers. 

The  eelection  of  12  nodules  with  circular  touching  exits  fixes  tjj  at 
51.8,  The  overall  nozzle  length  Lfl  from  the  module  throat  to  the  plug 
exit  (see  Fig.  122  on  page  210)is  29.3  percent  of  r.n  equivalent  15  degree 
conical  nozzle.  The  length  to  the  amlticliaober  exit  is  16.8  percent# 

(C)  A  simple  point  gimbal  and  conventional  hydraulic  actuator  ax-e  employed. 

The  oxidizer  inlet  duct  passes  through  the  center  of  the  global  joint. 

Tubular  columns  transmit  thrust  loads  to  the  gimbal  block  from  a  structural 
ring  into  which  the  module  injector  blocks  are  mounted.  The  ring  also 
contains  the  tangential  propellant  distribution  manifolds.  Propellants 
are  fed  to  the  modules  from  a  single  shaft,  back-to-back  turbopump. 

Propellants  are  routed  directly  to  the  tangential  distribution  manifold. 

Turbine  exhaust  provides  secondary  flow  for  the  plenum  chamber  type  centerbody, 

(C)  The  engine  was  designed  with  a  single  downpass  coolant  through  the  modules 
to  a  module  area  ratio  of  15.  An  ablative  nozzle  extension  is  used  from 
this  point  to  the  module  exit.  The  spike  portion  of  the  nozzle  is  fabri¬ 
cated  of  radiation  cooled  material. 

(C)  The  toroidal  combustor  configuration  shown  is  regeneratively  cooled  end  is 
supported  in  the  chamber  region  by  regeneratively  cooled  support  tubes 
passing  through  the  chamber  walls.  The  nozzle  length  from  the  thrxat  to 
the  exit  is  14  percent  of  an  equivalent  15  degree  conical  nozzle. 

(c'  System  aspects  of  the  toroidal  design  are  essentially  similar  to  those  of 
the  nultichember  design.  The  same  gimbal  and  central  turbopump  arrange¬ 
ment  is  used.  Thruet  counts  should  be  somewhat  simpler  and  lighter  as  n 
uniform  circumferential  thrust  force  is  applied  as  opposed  to  twelve 
diecre<«  loads. 
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(C)  The  combustion  chamber  was  sited  to  a  mini. hub  combuetion  length  of 
six  inches  from  injector  face  to  throat,  This  produceo  a  chamber 
characteristic  length  ^L*  -  186  inchee)  greatly  in  excess  of  that  U3ed 
in  conventional  combustors  (L”  =  30  to  50  inches).  Recent  experimental 
data  using  F^/H^  indicates  the  high  combustion  efficiencies  can  be 
achieved  in  toroidal  combustors  with  diameters  of  cnly  3  inches. 
Therefore,  it  is  likely  that  email  diameter  cocbaetora  could  be  used 
at  this  thruat  level.  Hie  oval  combustor  contour  is  used  to  minimize 
induced  oendiug  moments  on  the  support  pins. 

(c)  Oxidizer  enters  at  t;he  nozzle  sxit  and  cools  the  nozzle  and  inboard 
chamber  section.  Fuel  is  used  to  cool  the  support  pin  and  outboard 
chamber  region.  Turbine  drive  gas  is  obtained  by  tapping  into  the 
primary  combustion  chamber  through  the  injector  face.  Turbine  exhaust 
gases  are  directed  radially  outward  into  the  base  region. 

(C)  A  conventional  single  bell  engine  system  is  shown  for  comparison  in 
Fig.  164 .  The  envelope  length  for  the  bell  chamber  is  significantly 
longer  than  for  the  aerodynamic  spike  configurations.  The  axial 
length  from  the  outer  throat  point  to  the  nozzle  exit  (expressed  ar 
percent  of  a  15  degree  co-e)  is  14  percent,  23.3  percent  and  80  percent 
for  the  toroidal,  multichamber  and  bell  configurations,  respectively. 
The  percent  '-dal  length  to  the  exit  of  the  multichamber  module  is 
16.8  percent.  TMs  factor  is  of  significance  because  thie  '  ength  can 
be  reduced  only  by  deer orbing  the  nodule  area  ratio.  Module  area 
ratio  can  be  reduced  by  increasing  the  number  of  modules  while  main¬ 
taining  a  touching  exit  condition  or  by  introducing  gaps  between 
chamber  exits.  Increasing  the  number  of  chambers  increases  system 
complexity  and  makes  cooling  more  diffic—lt  whereas  the  introduction 
of  gaps  between  chambers  has  been  shown  (Ref.  3  )  to  lower  perfor- 
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(C)  On  figures  165  through  Jig,  169  rre  shown  layouts  of  multichamber 
and  toroidal  chamber  aerodynamic  spike  engines  and  a  single  bell  chamber 
engine.  Ibeoe  engines  produce  approximately  350,000  pounds  thrust  at 
a  chamber  pressure  of  2000  psia  and  an  area  ratio  of  150. 


(C)  35OK  (■Mlelchaj.ibcr  Aerospike.  The  splayed  exit  muitichaaber  was  investi¬ 
gated  at  this  thrust  level.  The  primary  purpose  of  elongating  the  exit 
is  to  achieve  an  axil  ymmetr.ic  annular  flow  field  at  the  modulo  exit 
plane.  The  elongated  exits  also  allow  low  module  area  ratio  to  be 
achieved  with  a  small  number  of  clustered  chambers.  The  engine  has 
eight  regeneratively  cooled  chambers  with  each  chamber  exit  extending 
over  a  38  degree  arc.  The  module  area  ratio  is  13-8.  The  reduction  in 
area  ratio  compared  to  circular  exit  clusters  is  easily  seen  by  com¬ 
paring  this  configuration  to  the  ^*0, 000-pound  thrust  design  which  has 
twelve  chambers  with  a  module  area  ratio  of  51*8  and  a  cluster  area  of 
100. 

(C)  Module  length  is  57*8  percent  of  a  15  degree  cone  whose  circular  exit 
area  encloses  the  38  degree  arc  subtended  by  the  splayed  chamber  and  210 
percent  of  a  15  degree  cone  of  13.8  area  ratio.  Analytical  studies  of 
aplayed  modulo  performance  indicate  that  e^en  though  the  module  exit 
area  can  bo  reduced  with  aplayed  exits,  for  j.  i.vjui  module  thrust  the 
nodule  nozzle  length  should  be  a  high  percentage  (70  to  80)  of  the 
length  cf  a  15  degree  conical  nozzle  having  an  nxit  diameter  equal  to 
tne  e^it  span  of  the  module.  This  can  be  shown  from  a  vacuum  perfor¬ 
mance  analysis  of  a  tvc-dimensional  module,  figure  170  chows  the  maximum 
vacuum  performance  of  two-dimensional  nozzles  of  various  lengths  with  a 
square  throat  c  unit  dimensions  and  constant  exit  dimensions  of  7.3  anil 
unit).  This  noduls  design  corresponds  to  »n  eight  touching  aodule  aalti- 
chasber  configuration  with  s  cluster  area  ratio  of  50. 
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(c)  A  act  of  two  turbopusps,  one  fu«l  end  oca  oxidizer,  feed  propellants 
through  individual  liuea  to  each  thrust  chamber.  It  can  be  seen  that 
the  uaa  of  a  pair  of  ptiups  (mounted  off  the  engine  centerline)  with 
eight  chaabera  requires  eight  diff  rent  high  pressure  ducts  for  each 
P’usy.  The  shorter  ducts  would  require  orifioing  to  natch  propellant 
distribution  between  the  ducte. 

(C)  Simpler  optiori*  that  could  be  employed  if  interchangeability  ccntrainte 
are  neglected  include  one  est  of  puapa  for  every  module  or  feeding  ea*h 
two  modules  from  a  pump  placed  between  them.  Provision  of  one  pump  set 
per  module  (single  or  dual  ohaft)  would  facilitate  pump  fed  development 
testing  on  a  module  level  and  allow  direct  operation  with  2,  4,  or  6 
modules  out.  feeding  each  two  modules  from  a  single  shaft,  back-to- 
back  pump  placed  between  them  would  allow  operation  with  4  modules  out 
in  tha  event  of  pump  failure.  Feeding  eech  two  adjacent  modules  from 
alternate  fuel  and  oxiditsr  pumps  placed  between  them  would  not  allow 
module  out  operation  in  the  event  of  pump  failure. 

(c)  feeding  all  chamber a  from  a  central  single  shaft  turbepump  would  re¬ 
quire  plaoing  the  ambient  temperature  portion  of  the  machine  inside  the 
fuel  task,  or  dimpling  the  tank  jottom  to  accoamodate  it.  If  theee 
options  are  unacceptable,  a  deorease  in  centerbody  plenum  depth  or  mn 
increase  In  Interstage  structure  length  and  weight  would  be  neoeesery. 

(c)  A  major  disadvantage  of  the  splayed  nozzle  multiehamber  combustor 

compared  to  a  similar  circular  exit  cosbuator  lies  in  the  diffioulty 
of  fabricating  regenerative  tube  bundles  In  ths  splayed  shape.  It  is 


expected  that  the  fab  ication  of  ablative  or  radiation  cooled  nozzle* 
in  this  shape  would  present  no  problem*  as  serious  a*  those  anticipated 
in  a  regenerative  bundle*  If  the  splayed  bundle  exit  is  curved  around 
•  radius  as  in  the  drawing,  at  most  only  pairs  of  tubes  in  any  assembly 
would  be  interchangeable,  and  in  some  oases  even  these  pairs  would  be 
right  and  left  hand  versions  of  the  ease  contour,  requiring  a  dif¬ 
ferent  forming  die  for  each  tube  in  the  bundle.  If  the  exit  is  mads 
straight,  so  that  the  cluster  exit  is  polygonal,  at  most  groups  of 
four  tubes  per  bundle  could  be  interchangeable, 

(C)  An  alternate  nozzle  fabrication  method  was  reviewed  which  offered 

promise  of  forming  the  splayed  nozzle  shape  by  an  assembly  of  straight 
tapered  tubes  identical  in  cross-sectional  contour  but  cut  off  at 
varying  lengths  at  the  module  exit.  Figure  161  illustrates  the  method. 

(C)  Instead  of  forming  the  convergent-divergent  contour  of  the  ohamber  from 
continuous  tubes  which  become  non-irtarchangeable  aft  of  the  module 
throat,  the  axisycaetric  combustion  chamber  is  first  formed  of  one 
shape  of  identical  tubes  which  ere  brazed  into  holes  in  a  transition 
ring  at  the  module  throat.  These  holes  lead  immediately  into  nozzle 
tubes  that  are  brazed  into  the  other  end  of  the  short  ring.  B»e  nozzle 
tubes  in  the  plane  of  nozzle  divergence  enter  the  ring  at  the  angle  of 
divergence.  Tubes  in  the  non-dlvergent  nozzle  plane  enter  the  ring 
parallel  to  the  nozzLe  axis.  Intermediate  tubes  enter  at  intermediate 
angles.  Thus,  the  bending  of  tubes  to  various  angles  Is  replaced  by 
the  drilling  of  holes  at  varying  angles.  Film  cooling  of  the  transition 
ring  may  be  necessary. 

(C)  Modules  are  cooled  with  in  a  aiogle  dovnpasa  flow  pattern  in  order 
to  minimize  coolant  bulk  temperature  at  the  chamber  throat.  From  the 
collection  manifold,  coolant  must  flow  aft  to  cool  the  aerospike  skirt. 
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(C)  Several  alternative  flow  transition  Methods  exist.  From  the  standpoint 
of  structural  strength  end  leek  tight  coolant  sealing  a  promising  pro* 
cedar e  would  be  to  take  the  inside  module  nozzle  tubes  and  the  skirt 
tubes  immediately  aft  of  them  as  one  continuous  tube  (which  might  in¬ 
clude  one  or  more  brazed  tube  splices).  Coolant  flow  from  the  outside 
module  tubes  could  be  either  manifolded  and  ducted  back  to  the  module 
injector  or  flow  between  modules  as  shown  and  enter  the  inner  continuous 
tubes  through  slots  cut  in  ths  aides  not  exposed  to  hot  gas.  This 
option  has  the  disadvantage  that  coolant  velocity  and  pressure  drop  in 
the  skirt  must  be  increased  to  offset  the  lowered  flowrate.  If 
the  exterior  chamber  tube  flow  is  utilized  for  skirt  cooling,  extra 
skirt  tubes  must  be  included  to  fill  the  gap  aft  of  where  it  passes 
between  chambers.  A  disadvantage  of  either  sort  of  continuous  module- 
skirt  tube  construction  was  the  aspect  of  including  modules  end  skirt 
in  one  brazed  assembly.  Apart  from  severe  tolerance  requirements,  a 
replacement  of  a  defective  module  would  be  difficult.  A  construction 
method  permitting  module  substitution  on  a  "plug  in"  basis  is 
preferable.  The  modnle-skirt  transition  configuration  shown  in  Fig.  165 
employs  a  segment  transition  manifold  to  permit  removal  of  ths  module 
from  a  bolted  flange  on  ths  skirt. 

(C)  Exhaust  pressure  inside  the  t played  module  nozzles  exerts  forces  tending 
to  distort  the  contour  into  an  axi symmetric,  circular  exit  bell  contour. 
Rozzle  banding  or  other  external  structure  must,  be  fastened  around  ths 
brazed  tube  bundle  to  resist  those  loads.  A  detailed  weight  comparison 
between  a  circular  exit  module  and  a  cospareble  module  with  a  2:1 
elliptical  exit  shape  was  mads  in  Ref.  18  .  Even  with  this  relatively 
moderate  ellipse  ratio  the  elliptical  exit  *uap«d  nozzle  was  heavier 
than  the  circular  exit  nozzle  by  a  facto'  of  two.  This  relative  weight 
ratio  btcoses  greater  as  ths  nozzle  appro* r  ••  a  two-dimensional  shape. 
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(C)  Chan  bar  throat  1»  'a  art  trs-nadltted  into  the  vehicle  shell  through 

brackets  which  diffuse  the  point  loads  into  a  continuous  line  loud,  The 
Chester  injectors  are  bolted  directly  to  these  brackets.  Tapoff  gases 
tapped  from  a  pert  on  tha  u  io  of  each  injector  pass  through  a  eleeva 
and  into  a  tangential  collection  manifold  threading  through  snail  cut¬ 
outs  in  the  bracket  webs.  Turbopump  mounts  are  fastened  to  two  adjacent 
thrust  brackets.  Turbine  exhaust  gas  is  manifolded  and  distributed 
through  eight  ports  in  the  centerbody  plenum. 

(C)  5?0K  Toroidal  Aerornlko.  A  full  combustion  zone  baffle  combustor  was 
chosen  to  represent  the  toroidal  family  of  combustion  at  this  design 
parameter  level.  A  layout  of  the  engine  is  shown  in  Fig.  .1 67. 

(C)  the  full  baffle  annular  toroidal  chamber,  a  rectangular  throat  slot 
releases  primary  gas  from  a  cylindrical  combustion  volume.  Chamber 
pressure  is  contained  in  a  structural  box  formed  by  an  injector  bar 
opposite  the  throat  slot,  two  chamber  half  shells,  an  end  plate  across 
each  end  of  the  cylinder,  and  two  beams,  inboard  and  outboard  of  the 
throat  slot  which  stretch  between  end  plates.  The  chamber  half  shells 
are  exposed  to  the  usual  hoop  and  axial  tension  stresses  present  in  a 
pressurized  cylinder,  while  bending  momenta  incurred  in  slitting  the 
cylinder  down  one  side  ere  absorbed  in  the  throat  support  beams. 

(C)  The  engine  pictured  is  composed  of  32  such  segments,  arranged  in  a  32 
sided  polygon.  Selection  of  segment  number  (N)  was  constrained  pri¬ 
marily  by  weight  tradeoff  which  determined  an  optimum  end  nlate  separation 
to  be  11.3  inches.  With  the  selection  of  an  end  plate  separation,  and 
a  value  of  area  ratio,  tha  number  of  segments  in  the  engine  was  limited 
ts  a  small  range  of  Integers  dependent  on  end  plate  thickness. 
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(C)  As  aerospike  ekirt  length  of  19i<  the  length  of  a  15°  half  angle  con* 
to  an  area  ratio  of  150  is  shown  in  the  engine  layout  An  outboard 
shroud  to  an  area  ratio  of  3<5  was  used.  A  hemispheric  plenua  center- 
body  was  used,  with  a  toroidal  manifold  to  tangentially  distribute 
turbine  exhaust  frota  the  torbopump  outlets. 

(C)  The  coebuator  segment  injector  (fig.  169)  provides  the  following  flow 
scheme;  single  up  pass  inboard  wall  tube,  injector  face  tapoff,  and 
double  pass  cutboard  wall  tubes.  Tapoff  gas  is  tapped  from  the  chamber 
at  the  side  of  the  face  near  the  outside  fuel  Injector  strip.  An 
insulated  sleeve  duets  the  gas  through  the  end  cap  feed  passage  and 
into  the  tapoff  manifold,  fuel  is  fed  from  a  manifold  on  the  beck  of 
the  block  through  down  holes  directly  into  milled  grooves  in  the 
injector  face.  The  grooves  feed  face  strips  which  inject  the  fluid 
in  the  selected  pattern.  Oxidizer  is  introduced  from  s  tapered 
toroidal  manifold  located  near  the  top  of  the  skirt.  The  coolant  is 
double  passed  downwards  to  cool  the  lower  skirt  and  then  flows  upwards 
to  the  combustion  chamber  in  a  single  pass.  The  single  pass  wall  tubes 
start  flattened  at  the  feed  manifold,  become  circular  in  cross  section 
at  the  throat,  and  return  to  an  oval  cross  section  toward  the  injector 
to  reduce  coolant  velocity.  The  wall  tube  bundle  ia  brazed  into  a 
continuous  groove  in  the  injector  block.  The  N-0^  flows  into  a  deeper 
groove  with  holes  drilled  in  the  groove  bed.  These  holes  cross  to  a 
deep  drilled  hole  traversing  the  injector  block  lengthwise.  The  coolant 
flow  splits  into  two  parts,  one  flowing  along  the  deep  drilled  hole  to 
cool  the  end  plates,  the  other  passing  through  cross  holes  to  a  third 
welded  manifold  which  feeds  the  downpass  tubes  of  the  outboard  wall 
bundle.  The  up  pass  tubes  of  this  bundle  feed  a  second  deep  drilled 
hole  containing  the  return  flow  from  the  end  plates.  Small  cross  holes 
then  feed  oxidizer  to  the  inject? on  strip  grooves. 
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engine  w as  aaeuasd  fixed,  with  thrust  roc  tor  control  provided  by 
•Ida  liquid  injection  of  K2°4* 

(C)  Coamrifion  to  350k'  foil  Engine.  The  overall  engine  length  of  the  8o£ 
bell  engine  shown  in  Fig.  169  is  205  inches.  On  this  sane  basis  of 
length  from  the  exit  plane  to  the  forwardaost  point  on  the  engine,  the 
Bultichaa'xr  and  toroidal  engines  are  kjji  and  40Jt  respectively  of  the 
bell  chamber  length.  The  overall  diameters  of  these  engines  were  147 
percent  and  125  percent  the  diameter  of  the  conventional  engine. 

(C)  A  comparison  on  the  basis  of  physical  overall  length  has  questionable 
validity  at  this  design  point,  as  the  degree  of  engine/vehicle  integra¬ 
tion  varies  among  the  designs.  If  a  comparison  is  made  on  the  basis 
of  length  attributable  to  the  engine  over  and  above  that  of  its 
associated  tank  bottom  (45  degree  cone  for  bell  engine,  0.7  ellipse  for 
aerospikes),  the  multichaaber  and  toroidal  engine  lengths  are  both  2 6% 
of  the  bell  length.  The  provision  of  a  conical  tank  bottom  for  the 
bell  engine  would  further  increase  the  length  and  weight  of  interstage 
structure  in  this  upper  stage  epplieation. 


Ksdiua  Thrust  low  Chamber  fcreer.o-a  ,'Sngine  Design 

(C)  Multichaaber,  toroidal  aerodynasic  spike  engines  and  a  single  bell 
engine  which  are  suitable  as  the  propulsion  system  for  s  medium  thrust 
low  chanter  pressure  application  are  presented  in  Fig.  171  through 
175*  The  engines  generate  656,000  pounds  of  thrust  at  a  chanbcr 
pressure  of  500  psia.  Propellants  are  supplied  to  the  thrust  chambers 
by  tank  pressure.  Area  ratio  was  United  by  the  13  foot  tank  diameter 
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(fixed  by  a  maximum  overland  transportation  envelope)  for  the  toroidal 
and  multichaaber  engines  and  by  nozzle  separation  for  the  single  bell 
engine  system.  Table  14  summarizes  the  envelopes  found  for  these 
booster  configurations. 

(C)  The  annular  toroidal  combustor  ia  divided  into  thirty-six  (}6)  segments 
by  full  combustion  zone  baffles.  Each  group  of  three  segment  is  plumbed 
in  common  to  form  tvelve  (12)  modules.  The  modules  are  fed  in  groups 
of  four  from  three  fuel  and  three  oxidizer  ducts,  each  fitted  with  buret 
diapgragms.  Engine  start  is  initiated  by  pressurizing  the  propellant 
tanks.  Cutoff  is  accomplished  by  propellent  depletion.  These  sequences 
are  also  practical  for  the  analogous  multichamber  configuration.  The 
multichamber  design  (Fig.  171  )  employs  tvelve  chambers,  each  bell 
module  being  analogous  to  a  three  segment  module  of  the  toroidal  config¬ 
uration.  The  bell  modules  extend  to  an  area  ratio  of  5*4  which  brings 
the  exits  nearly  tangent.  A  small  exit  separation  le  necessary  to 
accommodate  the  structural  rings  and  ablative  liners. 

(C)  Although  regenerative  cooling  of  a  sonic  tube  toroidal  combuetor  is 
feasible  for  these  engine  parameters,  ablative  cooling  was  employed  in 
the  present  etudy  since  regenerative  pressure  drop  is  reflected  directly 
as  a  tank  weight  increase  in  pressure  fed  stagee. 

(C)  Both  multichamber  and  toroidal  combustors  are  cooled  by  the  ablation 
of  a  phenolic  refraail  liner  which  is  bonded  to  the  structural  shells 
with  a  high  temperature  adhesive.  An  ablative  liner  thickness  of  0.63 
inch  would  be  required  at  the  throat  of  either  combustor  for  cooling 
over  the  91  second  burning  duration.  Char  erosion  of  the  throat 
dimension  may  be  held  to  6  -  8  percent  of  ablative  thickness  by  in- 
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•This  gives  •»  indicativ*  of  the  relative  comparison  of  total  vehicle  length  affected  by  the 
engino  configuration.  The  conical  tank  bottom  normally  uaed  with  the  single  bell  engine 
requires  a  longer  tank  otructure.  Tho  value  shown  is  measured  from  the  actual  bell  exit  to 
a  ficticious  elliptio  tank  bottom  which  contains  tho  same  quantity  of  propellant  an  the 
conical  tank  bottom. 
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jecting  approximately  2  percent  of  fuel  film  coolant  along  the  chamber 
vails,  based  on  LEM  engine  teats*  A  8  percent  surface  regression  cor¬ 
responds  to  throat  area  increases  of  2  percent,  1.5  percent,  and  0.5 
percent  for  the  annular  toroidal,  multichamber,  and  single  bell  combus¬ 
tors  respectively. 

(C)  Huitishaaber  combustors  should  show  char  and  erosion  depths  slightly 

less  than  those  experienced  in  annular  Combustors  Under  similar  surface 
conditions,  sines  the  heat  streamlines  diverge  radially,  i.e.,  the 
cross  sectional  perimeter  exposed  to  hot  gas  is  less  than  the  perimeter 
being  charred.  This  effect  is  small  at  the  658K  design  point,  the 
diminution  in  heat  flux  at  the  char  layer  amounting  to  5  percent  when 
half  charred  end  9  percent  at  full  char.  At  lover  module  thrusts  and 
longer  burning  times,  this  effect  would  become  mors  important. 

(C)  Thrust  load  transmission  in  the  toroidal  design  is  accomplished  by 
supporting  the  eenterbody  and  skirt  loads  by  a  honeycomb  sandwich 
shell  becking  the  ablative  coolant  layer.  This  shell  is  welded  to  the 
inboard  throat  support  beams  of  the  toroidal  segments.  Engine  thrust 
is  transmitted  to  the  vehicle  through  twelve  thrust  mounts  welded  to 
the  segment  end  caps  bounding  each  module.  The  load  path  in  the 
multichamber  configuration  ie  somewhat  more  complex,  as  it  was  assumed 
here  that  some  weight  could  be  saved  by  utilizing  the  outer  structural 
shells  of  the  bell  modules  as  members  to  transmit  expansion  nozzle 
and  eenterbody  components  to  the  module  thrust  structure.  These  shells 
could  be  built  op  of  welded  sections  and  ablative  liners  bonded  sad 
cured  in  place.  A  reinforcement  ring  was  placed  around  the  module 
exits  to  distribute  the  nozzle  line  load  and  bending  moment  into  the 
twelve  members.  The  rings  also  provide  a  convenient  place  to  wald 
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ablative  cooled  baffle  plates  which  seal  the  boattail  from  recirculating 
tas.  A  bolted  connection  is  shown  et  the  interface  of  the  t pike  nozzle 
and  the  bell  modules.  Tie  ablative  liners  of  each  module  and  the  spiks 
are  case  and  cured  as  independent  units. 

(c)  The  thrust  structure  ahcwa  in  Fig.  171  is  composed  of  twenty-four  (24) 
tubular  thruet  struts  arranged  in  a  lattice.  The  struts  are  17-7PH 
steel  as  ia  the  propellent  tankage.  Welding  of  24  such  struts  into 
place  would  be  considerably  cheaper  then  the  construction  of  a  seai- 
monocoque  or  sandwich  abet T  over  the  same  span.  A  monoeoque  shell  of 
thickness  constrained  by  compressive  yield  stress  (t=  0.016  inch)  was 
found  to  be  unstable  in  the  local  buckling  mode.  Local  reinforcement 
around  the  strut  attachment  points  will  be  necesaary  to  diffuse  the 
loads  into  the  membrane.  The  placement  of  anti-slosh  and  anti-vortex 
baffles  on  the  tank  interior  would  be  coordinated  with  these  attach 
points  to  minimize  the  weight  of  such  reinforcement. 


High  Thrust,  High  Chamber  Pressure  Engine  Design 

(C)  The  last  design  point  evaluated  was  for  an  engine  system  which  operates 
at  high  (2000  psia)  chamber  pressure  and  delivers  2,000,000  pourdj  of 
thrust  at  sea  level.  Topical  nultichamber  and  toroidal. aerodynamic 
apike  engines  and  a  single  bell  chamber  engine  which  meet  these  re¬ 
quirements  are  shown  in  Jigs.  176,  IT7,  and  173.  These  engines  are 
regenoratively  cooled  with  at  supercritical  pressure.  Parallel 
turbines  driven  by  primary  combustor  tapoff  gases  are  used.  Both 
engines  contain  eight  moiules,  each  fed  by  its  ovm  separate  oxidizer 
and  fuel  turbopuap.  The  area  ratios  of  the  annular  engines  were 
limited  by  an  l8  foot  vehicle  diameter.  Jet  separation  at  sea  l«vel 
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ccru  trained  the  area  ratio  of  the  boll  thrust  chamber  to  a  ouch  lower 
value  of  35.  Dimensions  for  these  engine  cystous  are  given  in  Table  1^  . 
Hultichaaber  module  area  ratio  wae  set  at  JO  to  provide  nearly  tangent 
exits  without  sea  level  separation  of  the  bell  nodules*  The  toroidal 
combustor  is  ehrouded  to  an  area  ratio  of  3*5  to  maintain  chemical 
reaction  equilibrium  during  the  initial  part  of  the  expansion  process. 

An  aeroepike  nozzle  Tenth  of  19  percent  of  a  15  degree  hald  angle  cone 
of  equivalent  area  ratio  was  selected  for  the  toroidal  co&buetor.  An 
equal  percent  length  multichanber  combustor  would  have  had  no  common 
spike,  as  all  of  this  length  would  be  taken  by  the  bell  modules.  A  JO 
percent  length  configuration  with  a  common  spike  was  assumed  for 
layout  purposes,  as  this  value  corresponded  to  that  of  the  cold-flow 
model  tested. 

(C)  Several  turbo  pump  mounting  positions  were  considered  for  the  toroidal 
configuration.  The  radial  inclined  position  was  selected  since  it 
(1)  had  short  propellant  discharge  ducts  which  were  closely  coupled 
to  the  combustor  and  supported  the  turbo pumps,  (2)  packaged  within 
the  dimensional  confines  of  a  module,  (3)  made  provision  for  a  parallel 
turbine  tapoff  system,  end  (4)  minimized  the  length  of  hot  gas  ducting. 
Haunting  the  pumps  outboard  of  the  toroidal  combustor  required  very  long 
turbine  discharge  ducting  to  feed  secondary  flow  to  the  aero  spike 
centerbody.  A  common  axis  tur'oopuap  with  back-to-back  turbines  could 
be  packaged  within  a  nodule  if  mounted  "horizontally"  (axis  oriented 
in  the  circumferential  direction  perpendicular  to  the  vehicle  center¬ 
line),  but  this  produced  poor  exit  conditions  for  the  turbine  exhaust 
gases  and  required  elbows  ahead  o.T  the  pump  inlets  (increased  SPSS 
requirements).  This  configuration  required  as  much  separation  between 
the  top  of  the  toroidal  combustor  polygon  and  the  tank  bottom  as  the 
radial  inclined  position  and  so  offered  no  engine  length  saving. 


(C)  Turbopump  mounting  In  the  2000K  multichasber  aeroepike  design  resolved 
to  a  choice  between  placing  the  machinery  with  axes  nearly  parallel  to 
the  vehicle  centerline  and  with  discharges  opposite  the  bell  module 
injectors  or  opposite  the  oodule/cotaaon  expansion  spike  transition. 

Die  former  option  was  chosen  as  it  permits  placing  the  t ur bo machinery 
nearer  the  module  thrust  structure,  at  points  where  the  bell  modules 
are  comparatively  rigid,  and  where  the  lengths  of  oxidizer  inlet, 
fuel  discharge,  and  oxidizer  and  fuel  turbine  tapoff  lines  are  min¬ 
imized.  As  turbopusps  are  placed  between,  rather  than  inboard  of  the 
bell  modules,  maintenance  access  to  them  may  be  gained  after  engine/ 
vehicle  mating  through  doors  in  the  non-loadbearing  outer  shroud. 
Mounting  the  oxidizer  turbine  between  chambers  also  pieces  lte  dis¬ 
charge  in  a  favorable  position  for  the  introduction  of  intermodule! 
bleed  gas,  as  shown  la  Fig.  176.  This  mounting  does  have  the  dis¬ 
advantage  of  long  oxidizer  coolant  feed  ducts. 

(C)  Coolant  transfer  between  multichamber  modules  and  the  expansion 

nozzle  tube  bundle  was  accomplished  by  placing  eight  collection  mani¬ 
folds  around  the  expansion  nozzle  and  ducting  the  flow  to  elgit 
distribution  manifolds  around  the  module  exits.  The  bolted  flanges 
shown  could  be  welded  if  disassembly  for  maintenance  is  not  necessary. 

(C)  Theoretical  minimum  pressure  drop  is  achieved  in  regenerative  multi- 
chamber  combustors  along  a  single  dowrpaas  flow  path.  This  flow  path 
is  incon'^nicnt  from  a  systems  standpoint  as  it  requires  an  extra 
duct  to  return  the  coolant  to  the  module  injectora. 

(C)  At  high  chamber  pressures  where  coabustlon  chamber  dimensions  art 
relatively  small  and  at  high  thrusts  where  relatively  large  manifold 
areas  are  required  for  constant  manifold  velocity,  another  effect  is 
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observed.  Figures  i/9  and  ISO  are  sketches  of  a  multichamber  nodule 
injector  sized  to  the  flow  requirements  of  the  2000K  design  point.  It 
can  be  seen  that  the  injector  used  with  the  single  down pass  cooling 
path  requires  four  tangential  distribution  manifolds  whose  space 
requirements  become  avkvard  for  the  manifold  velocities  assumed.  In 
contrast,  an  up  pass  injector  requires  two  lees  welded  manifolds  and 
allows  the  use  of  a  thinner  injector  block.  Additional  injector 
block  thickness  is  required  in  the  downpass  injector  as  space  for  the 
tapoff  manifold.  In  this  configuration,  both  tapoff  ports  and  coolant 
tube  feed  holes  must  be  located  near  the  injector  face.  In  the  up 
pass  injector,  the  tapoff  manifold  may  be  located  aft  of  the  injector 
face  plane,  since  the  coolant  feed  manifold  does  not  interfere  with 
it. 

(C)An  alternate  mounting  for  the  oxidizer  pump  opposite  the  nodulj/epike 
transition  was  also  considered  for  this  application.  A  p&aa-end-one- 
half  flow  circuit  was  visualized  in  which  oxidizer  would  flow  first 
aft  and  then  forward  to  cool  the  spike  nozzle  then  transfer  to  the  bell 
chamber  in  a  single  up  pass.  Ihe  position  of  the  pump  discharge 
opposite  ths  flow  transition  was  found  to  offer  no  significant  advan¬ 
tage  over  the  configuration  shown  in  Fig.  176  .  A  double  pass  spike, 
although  containing  JO  percent  fewer  tubes,  requires  two  manifolds 
at  its  forward  end,  one  for  distribution  and  one  for  collection,  in 
addition  to  a  turning  manifold  at  ita  aft  end  and  tha  distribution 
manifold  around  the  bell  module  exit.  This  amounts  to  an  extra  man¬ 
ifold  over  the  single  up  pass  configuration  pictured.  In  the  analogous 
pase-end-o/ie-half  lnburd  wall  toroidal  configuration  of  Fig.  177  , 
this  extra  manifold  is  obviated  by*  direct  two-for-one  tube  splice, 
which  Is  geometrically  inoonvenient  in  a  aultichaaber  oombuator. 
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(C)  Thrust  vector  control  requirements  sire  satisfied  by  side  injection 
of  liquid  in  the  2000K  systems  shown.  Mechanical  gimbaling  by 
conventional  and  cam  ring  git bale  was  considered  for  the  toroidal 
configuration.  A  high  weight  was  computed  for  a  conventional  point 
gimbal  at  this  large  diameter.  The  cam  ring  gimbal  was  found  to  be 
somewhat  lighter,  but  required  two  2870  horsepower  gar  turbines 
(comparable  to  the  output  of  an  extra  turbopump)  to  actuate  the  rings 
tangentially.  Combustor  and  'jplke  nozzle  segment  rotation  requires 
hot  g% seals  and  propellant  transfer  bellows.  It  was  concluded  that 
mechanical  TVC  methods  were  competitive  if  a  6  degree  displacement 
were  used  over  a  large  fraction  of  the  burning  time,  but  if  the  time 
averaged  requirement  was  closer  to  1-1)4  degrees,  as  was  expected, 
side  fluid  injection  would  be  mors  feasible. 

(C)  The  hinging  or  glnbalinj  of  modules  was  also  investigated  In  connection 
with  the  2000K  multichamber  configuration,  but  side  liquid  Injection 
was  selected  for  the  engine  layout.  Major  areas  where  gimbaling  of 
multichamber  bell  chambers  differs  from  gimbaling  of  bell  clusters 
include  increased  complexity  of  intermodular  bleed  baffling  and  the 
r-tdule/comaon  expansion  spike  coolant  transition.  In  the  fixed  module 
configuration,  intermodular  bleed  gas  (if  required)  can  be  contained 
between  a  common  outboard  shroud,  the  spike/centarbody  thrust  structure, 
forward  baffles  around  each  chamber  fitting  with  omega  joints  to 
accept  the  oxidizer  turbine  exhaust  ducts,  and  the  outside  of  the 
chamber  nozzles,  as  shown.  If  these  chambers  were  cade  movable,  the 
outboard  shroud  nuct  be  segmented,  and  the  gas  ducts  must  either  be 
placed  aayometrically  or  gas  must  be  ducted  from  both  turbopumps. 

If  four  chambers  were  hinged  radially  (Fig.  131a)  to  produce  a  side 
force  equivalent  to  a  6-degree  gisbal  of  the  entire  engine,  each 
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Figure  181.  Multichaaber  Thrust  Vector  Control  By  Module  Displaceaent 
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chamber  would  ?u<ve  to  be  rotated  outward  from  Its  nominal  position  of 
ft  a  *9  degrees  to  ^  «  >11  degrees,  a  total  travel  of  20  degrees, 
liis  rotation  corresponds  to  s  linear  translation  of  J2  inches  at  the 
module  exit  plane.  If  four  chambers  were  fimbaled  in  the  direction 
of  desired  boattnil  notion  (Fig.  181b)  to  produce  an  equivalent  6 
degree  giabal  side  force,  each  chamber  would  have  to  be  rotated  15 
degrees  from  the  ,5a  +9  decree  position.  This  corresponds  to  a 
translation  of  26  inches  at  the  module  exit  plane.  The  ducting  used 
to  transfer  coolant  across  the  moduled  spike  transition  must  absorb 
these  transl'atio  s.  Bellows  with  the  necessary  elastic  deflection 
would  be  very  long.  Another  deivee  for  this  span  wouli.  be  an  arrange¬ 
ment  of  three  swivel  joints  (Fig.  182).  It  would  else  be  possible  to 
employ  ablative  cooling  on  the  common  spike  in  multichajber  combustors 
with  gia baled  modules. 

(C)  The  transmission  of  thrust  components  from  the  POOOK  multichamber 
expansion  spike  and  centerbody  was  accomplished  through  a  honeycomb 
shell  independent  of  the  module  thrust  mounts.  This  shell  also  serves 
to  exclude  intermodular  bleed  gas  from  the  engine  compartment.  The 
shell  accepts  the  line  load  from  the  forward  end  of  the  spike  tran¬ 
sition  manifold  and  transmits  it  to  the  tank  bottom.  Eera  it  is 
assumed  that  baffling  inside  the  tank  transnits  the  load  into  the 
cylindrical  vehicle  shell.  Moment  resisting  brackets,  diffuse  the 
die tine t  module  thrust  loads  into  the  seme  vehicle  shell. 
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(b)  Swivel  Jointed  Coolant  Transfer  Lina  Adapted  To  Module  Gimbaling 


Null  Position 


Actuated  Position 


Figure  182. Module/Spiko  Coolant  Transfer  For  Kultichamber 
Engine  Mechanical.  Thrust  Vector  Control  Systems 
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(0)  la  tha  futun,  srphanie  vill  continue  to  bo  placed  upon  rocket  engine 
simplification  and  flexibility  in  design,  versatility  in  operational 
codes,  and  utility  in  a  variety  of  applications  the*  -'•hides  vill 
require  (Fig.  183). 

(0)  The  aero  spike  engine  concept  is  particularly  versatile  in  masting 
future  fieri hility  and  simplicity  requi reman ta.  Scos  of  the  more 
salient  features  of  tha  acroopike  concept  contributing  to  its  versatility 
are  described  in  the  following  paragraphs. 

Acrosrikc  Nozzle  Performance 

(C)  in  attractive  feature  of  th9  asrospike  engine  is  altitude  compensation, 
which  gives  high  nozzle  performance  over  on  entire  flight  trajectory. 

In  operation  at  vacuum,  the  outer  f re e-jot  boundary  of  the  primary 
flow  expands  outward,  governed  by  the  nozzle  exit  conditions.  At 
low  proscure  ratios,  (sea  level  operation),  high  enbient  pressure 
influence  a  the  outer  free- jet  boundary  of  the  primary  flow  field  with 
the  result  that  nozzle  vail  pressures  are  approximately  maintained 
at  or  above  ambient  pressure. 

(C)  The  nozzle  threat  coefficient  (Cy)  trend  for  a  high  area  ratio  (constant 
geemtiy)  aerodynamic  spike  nozzle  is  shown  in  Fig.  18d.  High  performance 
at  a  high  pressure  ratio  results,  and  the  Cy  curve  follows  ideal 
nozzle  performance  rather  than  dropping  off  rapidly  at  low  pressure 
ratios  as  with  the  high  area  ratio  bell  nozzle.  This  altitude- 
compensating  feature  renulte  in  highly  efficient  operation  at  both 
sea  level  and  high  altitude,  thereby  permitting  tha  saue  engine  (unchanged 
and  with  high  erea  ratio)  to  be  ueod  for  both  booster  and  upper  stage 
applications. 
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Figure  184*  Altitude  Conpenratton,  Nozzle  Perf  /nuance 
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(C)  Aerospike  engines  also  have,  due  to  the  readily  changeable  outer  coo 'jus  tor 
body,  a  further  capability  for  efficient  multiple  application.  By 
using  different  outer  combustor  bodies,  the  area  ratio  can  be  changed 
to  improve  the  perfo-nance  for  various  applications  of  the  same 

basic  engine.  By  substituting  an  outer  caobuator  body  which  produces 
a  different  area  ratio,  the  a.;rospike  engine  can  be  optimised  for 
various  applications  without  changing  the  envelope  diameter  or  the 
chamber  pressure. 

AerostAke  Engine  Geometry 

(C)  The  combination  of  the  toroidal  combustor  and  the  aerodynamic  spike 

nozzle  provides  an  inherently  short-length  compact  engine.  The  turbo¬ 
pumps,  ducts,  control,  and  thrust  structure  can  be  packaged  neatly 
and  accessibly  within  the  central  cavity  of  the  thrust  chamber,  enclosed 
by  the  nozzle.  The  packaging,  plus  the  shortened  structure,  make  It 
possible  to  provide  a  high  performance  engine  that  is  75  percent 
shorter  than  an  equivalent  engine  with  a  conventional  bell  nozzle. 

(C)  The  engine  gimbal,  which  provides  thrust  vector  control  (TVC),  is 

loc;  ted  in  the  piano  of  maximum  engine  diameter.  A  gimbal  deflection 
can  therefore  be  accomplished  without  increasing  the  engine  envelope. 

This  permits  the  engine  to  fill  the  available  envelope  completely, 
thereby  allowing  a  higher  area  ratio  nozzle  to  be  used  in  the  design 
compared  to  an  engine  with  a  nozzle  which  oust  bo  designed  to  an 
envelope  physically  smaller  than  the  available  envelope  to  allow  for 
gimbaling  (Fig.  185). 
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(C)  An  elongated  version  of  the  aerospike  erglne  in  which  the  toroidal 
combustor  and  nozzle  take  an  "oval"  shape  can  also  be  designed.  The 
elongated  nozzle  can  have  an  elliptical  shape  or  have  straight  sides. 
This  cor.crpt  is  attractive  f c"  vehicles  which  are  aerodynamically 
optima  with  a  non-circular  aft  end.  An  example  would  bo  recoverable 
transport  vehicle  designed  with  aerodynamic  lifting  surface a  for  re¬ 
entry  and  landing  (Pig.  lB6),The  elongated  aero3pike  engine  will 
allow  an  efficient  integration  of  the  rocket  engine  into  these  vehicle 
designs.  The  nozzle  flow  field  and  performance  for  this  engine  are 
similar  to  the  circular  aerospike  engine. 

(C)  For  increased  thrust,  clustering  of  engines  for  future  booster  has 

conaiderable  merit.  Clusters  cf  the  high-performance  a’^itude  compen¬ 
sating  aerospike  engines  would  offer  an  attractive  booster  propulsion 
system.  An  artist's  illustration  of  a  future  launch  vehicle  with  the 
same  engine  U3ed  in  a  cluster  for  the  booster,  and  singly  in  the  upper 
stage  is  shown  in  Fig.  187.  For  this  application,  the  booster  and  upper 
stage  engines  could  have  area  ratios  optimized  for  maximum  performance 
by  the  changeable  outer  combustor  body  concept  previously  described. 

(c)  Tha  annular  nozzle  engines  with  the  nozzle  encompassing  the  entiro 
diameter  of  the  stage  are  also  attractive  for  high  thrust,  booster 
stage  engir:as(Fig,  188).  Several  design  cor.oept3  are  possible.  In 
general,  they  all  incorporate  the  concept  of  a  segmented  or  modular 
engine.  Basically,  the  module  is  defined  as  a  complete  combustor 
and  nozzle  segment  with  integral  pumpe  end  power  cycles.  Engine 
modules  aro  identical  and  independent.  The  complete  flight  propulsion 
system  consists  of  an  optimum  number  of  these  "building  block"  modules 
connected  solely  by  the  start  and  shutdown  signal  system. 
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Figure  187.  Advanced  Launch  Vehicle  with  Clustered  Toridal  Aerospike  Engines 


:ed  Launch  Vehicle  with  Singlo  Segmented  Toroidal  Ae rot pike 


Tmtlyg  JVc-’To-jy  r.t  /onroach 

Inherent  in  the  coooofpt  of  an  annular  nozzle  combined  with  a  toroidal 
combustion  chamber  is  the  feature  of  segmentation.  Kith  this  feature, 
initial  engine  develop  .mt  can  be  porfornod  using  small,  oacy  to  handle 
•segments"  of  the  complete  annular  thrust  chamber  (see  Pig;,  189 X  The 
hardware  for  tnese  segments  would  be  identical  to  tha  hardware  used 
in  the  cocplcte  circular  thrust  chamber.  The  segment  testing  would 
bo  conducted  far  the  development  of  the  high-efficiency  '  njectar  and 
combustor,  and  in  demonstrating  long  life  for  the  thrust  chamber.  Thus, 
significant  reductions  in  development  coots  can  be  achieved  by  developing 
full-scale  portions  of  the  engine  before  assembly  into  a  complete 
engine  module.  A  further  discussion  of  the  segmented  testing  feature 
of  the  aerospilce  concept  and  the  associated  potential  cost  savinge  ia 
included  in  trie  cost  end  reliability  analysis  portion  of  this  report. 
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RELlABIim  AND  DEVEIiQE'JENT  reOCE/.M  COS?  ANALYSES 

(C)  Coot  and  reliability  coaperiBona  of  the  aerospike  eng  bie  with  multichamber 
plug  cludtcr  oystema  and  conventional  bell  engirvts  have  been  cecOTpliehed 
for  both  storable  and  cryogenic  propellants.  The  reliability  studies 
were  used  to  establish  development  plans  (testing  requirements)  for  each 
of  the  various  engine  configurations  considered  by  combining  both 
reliability  and  cost  data  in  a  mathematical  model  which  simulates  the 
development  of  a  rocket  engine.  The  development  plans  were  then  employed 
in  the  coat  comparison  analyses  for  the  various  systems. 

(C)  The  cost  studies  were  conducted  parametrically,  so  that  the  influence 
of  design  parameters  ouch  as  thrust,  module  size,  chamber  '•"essure,  and 
power  cycle  on  BAD  coot  was  determined.  In  addition,  the  effect  of 
changing  the  reliability  goal  and  development  philosophy  were  analysed 
to  establish  their  influence  on  the  development  program  requirements. 
Previous  cc«t  and  reliability  data  from  studies  of  eeveral  advanced 
systems  (Refs.  26  through  29)  ware  also  reviewed  and  employed  foi  the 
current  studies  where  applicable. 


(U)  The  analytical  techniqtas  used  ia  the  cost  and  reliability  studies,  end 

!  the*  results  obtained  are  presented  in  this  section, 

i 


(C)  One  of  the  primary  tools  toad  in  the  development  program  analyses  to 

determine  efficient  programs  for  advanced  systems  is  the  "conceptual  reliability 
growth  modol".  Tats  modol  has  been  formulated  to  conceptually  describe 
the  "growth"  of  reliability  of  a  propulsion  system  during  the  development 
process,  Vhea  tne  results  of  this  model  are  combined  with  appropriate 
cost  information,  an  efficient  development  program  for  ary  selected  engine 
configuration  can  be  analytically  calculated. 
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(u)  The  significant  vurlablea  utilised  in  tha  model  ere  listed  in  Table  15* 

The  relationship  between  tha  model  parameters  and  an  actual  developmaet 
program  is  represented  in  Pig.  190. 

(C)  Coe  of  the  sore  Important  tacks  in  the  reliability  studies  was  to 
determine  the  reliability  growth  parameters  (failure  modes,  failure 
rates,  and  probability  of  fix)  for  the  systems  analysed.  In  inti-naive 
analysis  of  tha  advanced  system  designs,  operational  data,  and  of  the 
historical  reliability  data  for  current  systems  was  undertaken  to 
accomplish  this  task. 

(C)  The  first  step  in  the  reliability  growth  estimation  was  to  analyze  the 

various  advanced  systems  to  determine  applicable  potential  failure  symptoms, 
and  to  identify  system  operating  points  which  would  significantly  affect 
these  symptoms.  Historical  engine  development  data  (P-1  and  J-2)  were 
then  evaluated  using  existing  fca thematic?!  models,  to  obtain  maximum 

likelihood  estimates  of  the  initial  failure  rates  and  probabilities  ef 
fix  for  each  failure  symptom.  Finally,  the  design  configuration  and 
system  operating  points  of  the  advanced  systems  were  correlated  with 
those  cf  the  historical  systems  to  obtein  quantitative  estimations  of  the 
reliability  growth  modol  parameters  for  the  future  systems. 

(C)  Ones  the  reliability  parameters  wore  obtained  for  each  system,  they  were 
utilized  in  the  reliability  growth  model  and  combined  with  appropriate 
cost  data  to  establish  efficient  plans  for  any  given  future  engine  system, 

(H)  The  aethod  of  arriving  at  the  moat  effi  .lent  development  plan  for  the 
given  advanced  engine  system  will  be  described  in  this  section.  In 
addition,  development  philosophies  of  the  various  systems  will  be  discussed. 
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TABLE  15 


SIGNIFICANT  PEVELOItlENT  KtOGIUM  VARIABLES 


COLFIDfSTlAL 


Devalopaent  Process 

Rn liability  Growth 

Kcdal  Paranetera 

Engine  hardware  with 
unknown  weaknesses 

Failure  symptoms  and  causes 
Failure  ratee 

Development  testing 

Hunter  of  components  and 
e’lgine  system  tests 

Teat  durations 

Stress  levels 

Failures  or  symptoms  of 
failures 

Expected  failures 

Corrective  action 

Probability  of  fix 

The  definitions  of  the  basic  mo.'le  parameters  are  shown  below. 


Failure  Symptom: 


Failure  Cause: 


Failure  Bate  l 


The  observed  phenomenon  which 
is  the  result  of  a  failure; 
e.g. ,  seal  leakage,  small  line 
failure. 

The  actual  ceuse  vhic.  initiates 
tho  failure  phenoasnon;  e.g. , 
fatigue  croaking  of  seal  bellows* 
excessive  system  vibration 
caualg  recall  line  to  fail. 

The  rate  of  occurrence  of  the 
faii'ire  cause.  For  "start" 
conditions  the  rate  is  the 
probability  of  occurrence  during 
a  single  start  transient. 
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(tust-fall-fix  cycle) 


RELIABILITY  PREDICTION  MODEL 
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Figure  190.  Actual  Rocket  Engine  Development  Proceaa 
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iHwlonar-'.it  Pro/r.  ~a  Optintz^tim  Pror-luro.  Figure  191  illustrates  the 

(C)  procedure  which  was  utilized  to  determine  efficient  development  progrnas 
(testing  requirements)  for  the  systems  analysed.  The  first  three  steps 
which  provide  ea titrates  of  the  system  reliability  growth  parameters 
were  described  in  the  preceding  paragraphs. 

(C)  The  fourth  3tep  involves  analysis  of  the  advanced  system  configuration 
and  operating  points  in  order  to  cake  initial  estimates  of  effective 
development  test  categories.  Major  components  and/or  subsystems  were 
selected  for  testing  based  upons  (l)  the  validity  of  the  test  environ¬ 
ment,  (2)  the  capability  to  apply  "overstresa"  testing  techniques, 

(3)  the  economic  feasibility  of  the  tests,  and/or  (4)  assumed  engineering 
priorities  which  require  at  least  a  minimal  demonstration  of  a  component's 
design  integrity  prior  to  its  use  on  tests  of  an  expensive  full  size 
engine  module. 

(C)  An  initial  system  development  was  determined  (Step  5)  for  each  engine 
system  considered.  The  development  program  consists  of  a  chronological 
schedule  of  blocks  of  component,  subsystem  and  system  tost  categories, 
and  includes  the  average  intended  test  durations  for  each  category  block. 

(C)  Parametric  cost  data  wore  then  established  (step  6)  on  the  basis  of  a 
cost  per  test  for  each  of  the  test  categories;  both  the  fixed  cost  per 
teat  (hardware,  labor,  special  test  equipment,  etc.)  and  the  cost  related 
to  expected  te3t  duration  (propellants)  were  utilized.  Theae  data  were 
then  combined  and  employed  with  the  reliability  growth  model  to  determine, 
through  an  iterative  process,  an  efficient  (optimized)  development  plan 
for  each  system. 
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Figure  191.  System  Developaent  Optimization  Procedure 
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(C)  The  iteration  loop  in  fig.  191  illustrates  the  basic  technique  for 
optimizing  the  efficiency  of  the  system  development  program.  The 
iteration  proceeds  as  follows j  the  initial  development  plan  is  utilized 
in  the  growth  model  to  generate  system  reliability  growth  a a  a  function 
of  the  number  and  type  of  development  teste  conducted.  At  various 
phases  in  tlic  program,  the  relative  efficiency  of  each  test  category 
is  evaluated.  This  efficiency  is  defined  as  the  expected  increase  in 
system  reliability  per  unit  of  development  coat  invested  (ASA^C)* 

Baaed  upon  the  results  of  tMe  evaluation,  the  development  program  is 
adjusted  in  an  effort  to  increase  the  amount  of  reliability  growth  pier 
development  dollar.  In  other  words,  test  c&tegorieo  which  are  highly 
efficient  are  emphasized,  and  those  which  are  relatively  inefficient 
are  either  reduced  or  eliminated  through  successive  iterations. 

(C)  Several  development  plana  were  generated  for  each  advanced  system 

evaluated.  The  most  efficient  (most  economical)  plena  for  each  were  then 
selected  for  determining  E£D  program  costs  and  system  comparisons.  On 
the  basis  of  the  development  plana  established  for  each  system,  the 
relative  RAB  program  costs  were  readily  determined  by  multiplying  the 
cost  per  test  data  by  the  respective  test  requirements  in  each  category 
determined  from  tha  reliability  analysis, 

(C)  The  EH)  cost  analyses  were  conducted  parametrically.  Variations  in 
engine  design  parameters  such  as  thrust,  chamber  pressure,  module  sice 
and  power  cycle  ware  examined  to  determine  thoir  influence  on  BAD 
program  costs. 
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Corvontj.on.-il  IV't-loirent  Aorrcnoh,  ?>ie  hiatorical  development  philosophy 
which  evolwd  during  the  Thor,  Jupiter,  Atlan,  H-l,  and  P-1  engine 
programs  has  deseautrated  its  capability  to  develop  a  reliable  conventional 
bell  engine.  This  hiatorical  philosoph  placeo  emphasi3  on  complete  engine 
system  testing  to  arrive  at  the  required  reliability  goal.  Consequently, 
The  test  plans  baaed  on  thio  appioach  necessitate  a  large  number  of  RAD 
engine  teats.  However,  higher  thrust  and  chamber  pressure  applications 
of  future  systeme  place  severe  limitations  upon  this  development  approach 
by  prohibitive  costs  In  requiring  large  numbers  of  complete  system  tests. 

One  of  the  outstanding  features  of  the  aerospike  engine  is  it3  inherent 
amenability  to  the  segmented  development  approech.  Although  the  conven¬ 
tional  bell  engine  can  be  developed  to  some  extent  by  «««  of  sub-scale 
hot-firirg  models,  the  approach  is  not  very  satisfactory.  Actually,  it 
involves  development  of  two  separate  engines,  and  in  addition,  results 
cf  tha  hot- firing  sub-scale  models  are  rot  directly  applicable  to  the 
full  scale  prototype  hardware. 

For  the  aerosplka  concept,  testing  can  proceed  through 
various  segment  thrust  levels  (10,000  lbs,  42,000  lbs,  200,000  lbs,  etc.) 
to  a  full  thrust  module  or  engine.  The  segment  test3  can  be  relatively 
inexpensive  long  duration  pump  fed  end  short  duration  pressure  fed  rune 
which  expose  more  failure  codes  and  the  results  are  directly  applicable 
to  the  full-clze  chamber.  Aa  a  result,  the  cere spike  engine  ey3tem 
will  require  fewer  of  the  expensive  complete  frystem  te3ta  to  attain  the 
same  reliability  goal  as  the  conventional  bell  engine. 
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(C)  The  eM  philosophy  holds  true  for  tiie  multic-hamber  plug  cluster  system. 
In  effect,  individual  bell  engine  systems,  w'riich  do  not  lend  themselves 
to  seer. nutation,  must  be  developed  in  each  a  configuration.  Again, 
this  requires  a  larger  number  of  the  expensive  full  engine  or  module 
tests  than  the  comparable  aerospike  configuration  to  reach  a  cocoon 
reliability  goal# 

(c)  An  example  of  the  conventional  development  approach  comparison  of  the 

aerospike  concept  with  a  conventional  bell  engine  is  shown  in  Table  16, 
This  comparison  is  between  an  aerospike  engine  and  a  conventional  bell 
system  of  20CCK  lbs  thrust,  2000  psia  chamber  pressure,  and  utilizing 
NTO/OEHH  (50-50)  propellants. 

(C)  Examination  of  the  data  in  Table  16  show  that  the  largest  unit  tested 
in  the  aerospike  configuration  for  an  equivalent  2000K  lbs  thrust  engine 
system  la  the  25CX  lbs  thrust  module.  The  conventional  bell  required 
over  1000  expensive  full-sized  2000X  lbs  thrust  engine  tests  to  achieve 
the  same  engine  ay 3 tom  goal  as  the  aerospike. 

(c)  The  trends  are  similar  when  canparing  the  aerospike  system  with  a 
multichamber  plug  cluster  configuration.  The  comparison  given  in 
Table  17  is  for  the  teat  plans  to  develop  an  aerospike  module  and  multi- 
chamber  module  of  1.5  million  pounds  thrust,  2000  paia  chamber  pressure, 
to  a  system  flight  i-e liability  goal  of  .99.  The  propellants  in  this 
case  are  LQl/Hydrogea,  However,  review  of  past  studies  and  data  show  the 
same  trends  regardless  of  propellants.  The  plana  shown  in  this  table 
are  for  major  teat  categories  only.  Appropriate  factors  have  been 
included  in  the  cost  analyses  to  account  for  all  component  and  sub-scale 
testa  in  both  programs.  All  atudiea  to  date  have  shown  that  for  a  gi.sn 
system  design  point,  the  aerospike  engine  is  less  extensive  to  develop 
than  either  a  single  bell  or  multichamber  plug  cluster  configuration. 
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TABLE  16 

COMPARISON  0?  KEB33  0?  TEST 3  AND  TEST  D0RATJCN3  TOR 
COBVESTIOKAL  V3  AER03PIKS  ENGINE 

_ (OrilETE  ENGINE  THRUST  -  2,000,000  FMUND3)  CONFIDENTIAL 

Ca’iventioiu.l  E-ylne  72-:tc<nth  Develcp-^ut  Program _ 


System  Plight  Reliability  =•  0,99 


Bo,  of  Teats 

Turbopunp  Tseta 
(2,000,000  Povnic  Thrust) 

855 

79,200 

Combustor  Tests  (uncooled) 
(2,000,000  Founds  T  igt) 

406 

600 

Combustor  Tests  (cooled) 
(2,000,000  Pounds  Thrust) 

408 

1,500 

Engine  Test* 

(2,000,000  Founts  Thrust) 

1,080 

_ 

71,000 

Aercspixo  72-vL«;th 

SsTilspseut  Prc>gr»a 

System  Fliyht  Reliability  =  0.99 

No.  of  Tests 

Duration,  seconds 

10 ,000-Pound-Thrust 
Encoded  Combustor 

182 

500 

10 ,000-P&imd-Thnist 

Cooled  Coenbustor 

507 

157,800 

42,COO-Pound-Thr.'st 

Encoded  Ccsrbuatcr 

307 

900 

1  ?, 000- Pound-Thrust 

Cooled  Chamber 

557 

65,900 

25*0 , XO-Pound-Tl  irua  t 

Cooled  Coahustor 

57 

600 

Turboprop 

(250,000  Pounds  Thrust) 

1057 

151,000 

250 ,  OOO-Fouad-Thrust 

Module 

961 

84,500 

350 
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TABLE  17 

COMPARISON  OP  MIRHEl  0?  Tfc»rS  POH 
KULTICHAMBLil  MODULE  VS  AiaOi.'1'IEB  MODULE 
ENGINE  STSTItl  I  LIGHT  RELIABILITI  =  0.99 
(COMPLETE  ENGINE  THRUST  -  ?4,000,000  KWEDS) 

CCrfflDEHTlAL 


AEKOSPIKS  MODULE 


Test  Category 

Number  of  Testa 

3D0X  lbs  segment  (prop  fed  end 

1018 

pressure  fed) 

Turboprop  (LG!  and  fuel) 

1108 

Module  (150CK  lbs  thrust) 

1696 

KULTICHAKBER  MODULE 

Test  Category 

Number  of  Teats 

Pull  size  pressure  fed 

Thrust  Chamber 

650 

Turboprop  (IOa  and  fuel) 

1100 

Module  ( 1C.XK  lbs  thrust) 
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Th»  relative  advantage  and  resulting  coat  saving  of  tba  aeroapike 
angina's  ssguautlng  capnbilitiea  increases  with  engine  aye  tern  ait#  and 
chamber  pressure.  The  advantage  is  also  evident  at  lover  thrust  levels* 
Par  example,  a  segment  approach  to  development  on  toe  current  Air  Pore# 

ATP  engine  study  (aK54(611)-11399)  shows  definite  advantage  for 
a  25CK  lbs  thrust  engine  and  a  30,000  lbs  thrust  P^/a  engine  study  program 
(aPCs’(611)-11617)  has  shown  the  segment  development  approach  to  be 
advantageous. 

Pertinent  coat  and  reliability  study  results  are  given  later  in  this 
section. 

Advanced  Develonaent  Approach.  In  the  development  program  analyse 5 
conducted  during  previous  advanced  sy sterna  studies  (fief.  26  end  27)* 
unconventional  design  and  testing  concepts  which  would  significantly 
reduce  future  development  costa  were  evaluated.  The  most  promising 
concept  evolving  from  the  studies  fas  the  turbopump  module  concept. 

The  benefits  of  this  concept  are  derived  from  the  ability  to  divide 
a  toroidal  engine  system  into  its  two  major  subassemblies!  l)  the 
thrust  chamber  assembly,  end  2)  a  turboprop  module. 

The  turbopump  module  Incorporates  all  components  external  to  the  thrust 
chwber  such  as  waives,  high  pressure  lines,  and  t&poff  turbine  gas 
lines.  Techniques  have  been  examined  for  conducting  tests  with  these 
two  subassemblies  in  such  a  way  as  to  simulate  engine  environment  on 
the  component  test  stands.  In  this  manner,  the  number  of  expensive 
engine  system  tests  required  in  the  development  program  could  be  minimized. 
Ideally,  only  sufficient  engine  system  tests  to  assure  that  system 
interactions  ere  consistent  with  the  reliability  goal  need  be  conducted. 
Preliminary  studies  show  BAD  program  cost  savings  on  the  order  of 
26  percent  are  posnlble  for  the  asroeptke  system  with  this  engine 
simulation  technique. 
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(c)  The  bell  engine  and  multichamber  plug  cluster  would  aleo  realise  cost 
savings  by  engine  e inula ti on  techniques.  The  savings  are  not  as  large 
for  these  systems  os  the  aerospike,  however.  This  is  again  due  to  the 
capability  of  the  uorospike  engine  to  be  divided  into  email  segments 
which  can  be  pump-fed  during  RAD  teat.  These  tests  expose  thrust  chamber 
mainstage  failure  modes  early  in  the  program  at  a  itlativeJy  *ow  coot. 

With  the  bell  and  multichamber  configuration,  particularly  at  higher 
thrust  and  chamber  pressure  levels,  many  expensive  full-scale  system 
tests  are  still  necessary  to  expose  thrust  chamber  mainatage  failure  modes. 

(C)  As  an  example  of  the  effect  of  the  advanced  development  philosophy  effect 
on  R&D  test  programs,  Table  19  shows  the  comparison  of  the  1.5  million 
pounds  thrust  aerospike  and  multichamber  modules  to  achieve  a  system 
flight  reliability  goal  of  0.99.  Compare  these  test  figures  with  the 
conventional  development  test  plan  for  the  same  two  modules  given  previously 
in  Table  17. 

(C)  Note  that  there  ere  still  over  1000  expensive  full  eize  system  tests 
required  with  the  multichamber  configuration.  The  saae  trend  rould  be 
true  for  the  single  bell  configuration.  As  an  example  of  why  this  high 
number  of  full  system  tests  is  required  for  bell  or  multichamber 
configurations,  the  present  P-1  engine  development  program  can  be  cited. 
During  the  development  of  the  P-1,  an  important  thrust  chamber  failure 
mode,  v  inr.tage  combustion  instability,  was  not  exposed  during  pressure 
fed  full-size  thrust  chamber  test3.  Engine  tests  to  achieve  longer  durations 
were  required  to  expose  this  failure  mode, 

(C)  The  success  of  '-igine  system  simulation  techniques  depends  up>on  the 
ability  to  "create"  tne  engine  environment  for  each  of  the  major  sub¬ 
assemblies  being  tested.  The  factors  which  must  be  duplicated  to  ensure 
exposure  to  all  potential  failure  modes  with  this  type  of  testing  were 


353 

mmrn a 


TABLE  18 


CCKPA.USOH  OP  NUMBER  OP  TESTS  FOR 


HOLTICHAMBEK  PLUG  CLUSTER  VS  AEROSFIKE  MODULE 
ADVANCED  DEVELOPMENT  (SIMULATION)  PHILOSOFHT 
ENGINE  SYSTEM  FLIGHT  RELIABILITY  -  0.99 


(COMPLETE  ENGINE  THRUST  « 

24,000,000  POUNDS) 

CONFIDENTIAL 

AEROSPIKE  KODULB 

Test  Categoiy 

Number  of  Tests 

2002  lbs  segaent  (pump  and 
pressure  fed) 

3733 

LCK  Turbo  pimp  Module 
(150QK  lbs  thrust) 

2392 

Fuel  Turbo pump  Module 
(lbOCK  lbs  thrust) 

1881 

Module  (150CK  lbs  chrust) 

280* 

KULTICHAKBER  KODULB 

Test  Categoiy 

Number  of  Tests 

Full  size  pressure  fed 

Thrust  Chaaber 

674 

LOT  Turbopump  Module 
(1500K  lbs  thrust) 

1236 

Fuel  Turbopunp  Module 
(150CE  lbs  thrust) 

1465 

Module  (150OC  lbs  thrust) 

1246  • 

*  Minimal  mmber  of  tests  required  to  assure  system  interactions 
are  consiatent  with  the  reliability  goal. 
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(c)  The  bell  engine  and  multichamber  plug  cluster  would  also  realize  cost 
savings  by  engine  simulation  techniques.  The  savings  are  not  as  large 
for  these  systems  as  the  serospike,  however.  This  ia  again  due  to  the 
capability  of  the  aerospilce  engine  to  be  divided  into  small  segments 
which  can  be  pumf>-fed  during  R&D  test.  These  tests  expose  thrust  chamber 
mainstage  failure  modes  early  in  the  program  at  a  relatively  low  coot. 

With  the  bell  and  multichaaber  configuration,  particularly  at  higher 
thrust  and  chamber  pressure  levels,  many  expensive  full-scale  nystea 
tests  are  still  necessary  to  expose  thrust  chamber  mainstage  failure  modes# 

(C)  As  an  example  of  the  effect  of  the  advanced  development  philosophy  effect 
on  iMtD  test  programs,  Table  13  shows  the  comparison  of  the  1.5  million 
pounds  thrust  aerospike  and  oultichanber  modules  to  achieve  a  system 
flight  reliability  goal  of  0.99.  Compare  these  test  figures  with  the 
conventional  development  test  plan  for  the  same  two  modules  given  previously 
in  Table  17. 

(C)  Note  that  there  are  still  over  1000  expensive  full  size  ays  ten  tests 
required  with  the  multichamber  configuration.  The  same  trend  would  be 
true  for  the  single  bell  configuration.  As  an  example  of  why  this  high 
number  of  full  system  tests  is  required  for  bell  or  multichamber 
configurations,  the  present  P-1  eng ins  dev*' jpment  program  era  be  cited. 
During  the  development  of  the  P-1,  an  important  thrust  chamber  failure 
mede,  mainstage  combustion  instability,  wa3  not  exposed  during  pressure 
fed  full-size  thrust  chamber  ieats.  Engine  tests  to  achieve  longer  durations 
were  required  to  expose  this  failure  mode. 

(C)  The  success  of  engine  system  simulation  tschniques  depends  up«*>  the 
ability  to  "create"  the  engine  environment  for  each  of  the  major  cub- 
ascemblies  being  tested.  The  factors  which  must  be  duplicated  to  ensure 
exposure  to  all  potential  failure  modes  with  this  type  of  testing  were 
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'TABLE  IB 


C'JKfARISON  Of  NUMBER  OF  TESTS  FOR 


MULTICHAMBER  PLUG  CLUSTER  VS  AEROSHKE  MODULE 
ADVANCED  DEVELOPMENT  (SIMULATION)  FHILOSOPHT 


ENGINE  SYSTEM  FLIGHT  RELIABILITY  -  0.99 


(COM PISTE  ENGINE  THRUST  »  24,000,000  POUNDS) 

CONFIDENTIAL 


_ AEROSPUCB  MODULB 

Tast  Category 

20GK  .lbs  segment  (pump  and 
pressure  fed) 

LGX  Turbopump  Module 
(1500K  lbs  thrust) 

Fuel  Turbopump  Module 
(150CK  lbs  thrust) 

Module  (150CK  lbs  thrust) 

MULTICHAXBER  MODULE 

_ Teat  Category _ 

Full  size  pressure  fed 
Thrust  Chamber 

LOT  Turbopump  Module 
(1500K  lbs  thrust) 

Fuel  Turbopump  Module 
(1500K  lbs  thrust) 

Module  (1500K  lbs  thrust) 


Number  of  Tests 
3733 

2392 

1881 

280* 

Number  of  Tests 
674 

1256 

1465 

1246 


*  Minima*  rnasber  of  tests  required  to  assure  system  interactions 
ere  consistent  vith  the  reliability  goal. 
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categorized  as  l)  configuration,  2)  procedure,  3)  ambient  environment, 
and  4)  dynamic  environment.  The  first  three  criteria  could  be  achieved 
with  present  technology.  However,  the  duplication  of  the  dynamic 
environment  is  a  major  technolgical  area  which  must  bo  demonstrated 
before  the  feasibility  of  this  concept  can  be  assured. 

(C)  A  program  (NASS-19,  System  Dynamics  Investigation)  is  currently  in 

progress  at  Socket  dyne  to  study  the  dynamic  interface  between  the  thrust 
chamber  and  t he  turbopumps  for  an  advanced  aeroopik* 
system.  The  goal  in  this  study  is  to  simulate  engine  feed  syrtem  dynamics 
on  a  thrust  chamber  test  stand,  which  is  fed  by  a  pressurized  propellant 
supply.  As  part  of  this  effort,  analyse"  are  being  conducted  of  the  necessary 
facility  designs  to  accomplish  the  objectives,  and  mathematical  models 
are  being  developed  to  predict  system  start  transients.  This  program 
will  provide  valuable  technological  data  required  to  understand  ‘he  tnru?:t 
chamber  and  feed  system  dynamics  for  advanced  engine  systems. 


(c)  The  reliability  growth  aodel  previously  described  wau  utilized  in 

predicting  the  reliability  vs.  number  of  development  tests  for  various 
advanced  systems.  The  number  Of  tests  in  each  category  required  to 
reach  a  selected  reliability  goal  then  determine  the  development 
program  expenditure  from  cost  per  test  d~ta.  This  section  giV'T  tynical 
comparison  results  from  the  cost  and  reliability  analyses. 


(C)  Aerosnike  vs.  Conventional  Sell  Engine.  A  storable  propellant  aerespike 
and  conventional  bell  engine  of  2,000,000  pounds  thrust  were  compared 
for  future  funding  requirements.  The  results  illustrate  the  se,.xentod 
development  approach  advantage  of  the  aero spike  concept. 


(c)  Figure  192  illustrates  the  relative  cost  per  teat  of  the  various  teat 
categories  aiscva  in  Table  IS,  It  is  evident  that  the  full  system 
testa  are  tho  governing  factor  in  a  development  program,  Figure  193 
illustrates  tlia  tresendou.3  cost  oaviaga  advantage  of  the  modular 
car 03 pika  engine  over  the  single  bell,  Agai.',  this  advantage  increases 
the  larger  the  oyatesw  end  chamber  pressures  considered.  As  previously 
stated,  the  aeroapiko  shows  definite  advantages  down  to  and  including 
the  30,000  pounds  thrust  Air  Force  engine*  Further  studies  and 

analysis  would  be  required  to  determine  the  quantitative  cost  cdvnntege 
of  the  aercapike  sy«tem  at  the  lover  thrust  and  chamber  pressure  levels* 


Aerosol Vr.  yg  Kaltlchaator  Pluv  Cluster.  Figure  194  illustrates  a  reliability 
growth  comparison  of  an  eerespike  and  multiehaabcr  engine  system  of  1,7 
million  pounds  thrua ;  utilizing  HTO/OMH-  (50-50)  propellants.  The 
engine  system  consists  of  6  modules  of  282,000  pounds  thrust  for  both 
aero a pika  and  nultichrmber  configuration.  Figure  194  illustrates  that 
the  aerospike  system  can  reach  a  given  reliability  goal  faster  than  a 
multichamber  system. 


(0)  The  multichamber  system  was  approxiaatsly  12  percent  more  expensive  to 
develop  than  the  aerospike  for  ine  common  engine  reliability  goal  chosen. 
The  C03t  and  reliability  data  for  this  storable  propellant  case  was 
for  a  conventional  development  philosophy# 


(C)  Studies  conducted  with  LC3/Kydrogen  propellants  shoved  the  some  cost 
trends  for  aerospike  and  multicheaber  systems.  These  analyses  also 
pointed  out  that  the  aerospike  system  coat  advantage  grew  with  increasing 
system  thrust  and  chamber  pressure. 
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{£)  For  the  conventional  development  plan  given  previously  in  Table  17  (  the 
BAD  program  coat  savings  of  the  aerospike  engine  ranged  fron  9  percent 
at  1.5  million  pounds  to  nearly  13  percent  at  3.0  million  pounds  thrust. 

(c)  For  tlie  advanced  development  approach  (system  simulation  during  component 
level  tests)  as  suggested  by  typical  test  plans  given  in  Table  18  ,  the 
1.5  million  pound  thrust  module  nnutichamber  system  is  19  percent  more 
expensive  to  develop  to  an  equivalent  reliability  goal  than  the  aerospike* 
and  35  percent  more  at  the  3  million  pound  thrust  module  sise. 

(C)  Effect  of  Design  Pararaters  on  HAD  Cost.  The  effect  of  design  point 
parameters  on  HAD  program  costs  for  the  aerospike  and  multi chamber 
systems  were  otudied  for  both  LCX/Hydrogen  and  HTC/UIKH  (50-50).  The 
trends  were  found  to  hold  approximately  the  aame  relationships  for  both 
propellant  systems. 

(C)  Coat  analyses  conducted  during  the  tcroidal  system  and  multi chamber 

plug  cluster  studies  vHef.  27  and  29)  indicated  that  BAD  program  003 r.s 
increase  approximately  20  percent  per  1000  psi  increase  in  chamber 
pressure  for  a  given  nodule  thrust  size.  This  increase  is  due  primarily 
to  higher  hardware  costs  and  more  system  tests  required  due  to  higher 
failure  rates  associated  with  the  higher  system  pressures. 
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(C)  The  RiJ  program  costs  increased  approximately  22  percent  per  Billion 
pounds  Increase  in  thrust  for  the  aeroupike  module  else  range  of  1.0  to 
3.0  million  pounds.  The  increase  was  cue  primarily  to  hirfier  test 
hardware  costs  nr.d  higher  propellant  costa  associated  with  laager  systems 
The  aulticheraber  plug  cluster  system  was  found  to  increase  approximately 
28  percent  per  million  pounds  in  the  same  thrust  range.  This  difference 
was  due  to  the  problems  associated  with  testing  the  full  site  pressure 
fed  thrust  chamber  required  in  a  multichamber  plan.  Testing  of  this  type 
becomes  extremely  expensive  aa  hardware  sizes  and  pressures  increase. 

(c)  Engine  power  cycle  also  had  a  great  affect  on  RftD  program  costs.  For 
example,  the  staged  combustion  (topping)  power  cycle  was  found  to  be 
approximately  17  percent  more  expensive  at  2000  peia  Pc  ar.a  22  percent 
more  expensive  at  3000  psia  for  a  given  thrust  and  reliability  goal 
than  an  equivalent  tapoff  system.  The  additional  expense  for  the  topping 
cycle  was  caused  by  the  additional  major  subsystem  (prucotubustor),  the 
higher  turbo punp  hardware  costs,  and  the  expensive  prec ambus tar/turbopusp 
component  tests.  Figure  195  is  a  typical  reliability-cost  comparison  of 
the  two  cycles  and  illustrates  the  advantage  of  a  tapoff  power  cycle. 

(C)  Selection  of  engine  system  reliability  goals  had  a  significant  effect 
on  R4D  coats.  H&D  costs  ^ers  found  to  increase  approximately  6  percent 
from  .965  to  .99  system  flight  reliability  and  25  percent  from  .99  to 
•9975  system  reliability*  The  ehaip  increase  in  cost  at  the  higher 
reliability  goals  was  due  primarily  to  the  high  number  of  expensive 
system  module  teste  to  attain  the  higher  nodule  reliability  goals. 


Tapoft’  and  Tapping  Cycles 
Chamber  Pressure  *  2000  psia 
Module  Thrust  =  3  million  pound* 


90 


-i— - - - 1  - 1 - •” 

95  100  105  110  115  120 

Relative  Program  Cost,  Percent 


—I  ■"  I  "  T 

125  130  135  140 

CONFIDENTIAL 


195 


Relative  PAD  Program  Costs  vs  Module  Reliability 
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(C) 


Teat  Facilities.  Tha  various  RAD  program  cost  analyses  performed  at 
Rocketdyne  indicate  facility  expenditures  will  not  affect  the  coat 
trends  reported  in  this  section  to  any  significant  degree.  The  relative 
base  cost  will  shift  upwards  with  addition  of  facility  coats  and  the 
relationships  of  cost  va.  size,  chamber  pressure,  configuration,  etc. 
will  remain  approximately  the  sane.  Facilities  were  found  to  comprise 
15  to  20  percent  of  the  total  RH>  expenditures  if  all  new  facilities 
were  built.  It  should  be  kept  in  mind,  however,  that  tenting  of  a  full 
size  pressure-fed  tlirust  chamber  becomes  exceedingly  difficult  and 
expensive  at  high  thrusts  and  high  chamber  preasurea.  This  places 
restrictions  on  ths  practicability  of  testing  thrust  chambers  for  the 
nultichaaber  and  single  bell  engine  configurations.  The  email  segment, 
long  duration  pump  fed  tests  of  the  aerospike  configuration  become 
more  attractive  and  practical  in  the  higher  thrust  and  chamber  pressure 
ranges. 
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CONCLUSION 

(U)The  following  major  loncluaioruj  resulting  from  this  study  ere  summarized 
below.  Eipy  we  listed  under  headings  of  performance,  weight,  heat 
transfer,  design,  versatility,  reliability  and  oost,  sod  general  oonolusians* 


(c)  Performance 

(1)  The  performance  of  the  continuous  annular  throat  aero spike  nozzle 
is  at  least  comparable  to  and  In  many  Instances  better  than  the 

80  percent  length  bell  nozzle  at  design  pressure  ratio.  Aerosplke 
performance  Is  significantly  better  than  the  bell  at  low  pressure 
ratios. 

(2)  Performance  of  the  continuous  annular  throat  aerosplke  is  approxi¬ 
mately  l.$  percent  greater  than  the  best  multichoaber  configuration 
at  all  pressure  ratios. 

(3)  Nozzle  shrouds,  sonic  pins  in  the  throat,  and  chamber  baffles  in 
toroidal  chambers  can  be  designed  to  influence  nozzle  efficiency 
by  less  than  1/2  percent. 

(4)  No  altitude  performance  advantage  can  be  gained  by  using  a  large  number  of 
multi*.  -aiber  modules.  Eight  touching  chambers  will  perform  as 

well  as  any  larger  number. 

(3)  Tests  with  elongated  module  exit  shapes  showed  no  performance 
advantage  over  circular  exit  modules. 

(6)  intermodule  bleed  may  provide  a  promising  method  of  disposing  of 
turbine  exhaust  gases  provided  the  region  between  chambers  is 
isolated  from  ambient  pressure. 
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(C) Weight 

(1)  The  toroidal  aerospike  configuration  wen  generally  lighter  In 
weight  than  the  lightest  multichamoer  configuration  and  the  single 
bell  engine  at  the  2,000,000  pound  thrust  level  and  over  a  wide 
range  of  chamber  pressure  and  area  ratio. 

(2)  The  eight  touching  multichaaber  configuration  was  considerably 
lighter  than  a  sixteen  module  configuration  at  the  000,000 
pound  thrust  level. 

(3)  Elongated  module  exit  chambers  will  be  several  tines  heavier  than 
circular  exit  configurations,  the  difference  in  weight  becoming 
greater  aa  the  exit  shape  a/b  ratio  increases. 

(C)  Heat  Transfer 

(1)  Regenerative  cooling  of  nultichasber  configurations  becomes  more 
difficult  as  the  number  of  modules  increases.  The  selection  of 
number  of  modules  for  a  given  application  could  well  be  influenced 
by  coolant  pressure  drop  requirements. 

(2)  Regenerative  cooling  requirements  for  continuous  throat  toroidal 
configurations  are  approximately  the  same  as  for  a  sixteen  module 
multichamber  configuration. 

(3)  The  usa  of  as  ?  coolant  at  supercritical  pressure  may  well  be 
preferable  to  using  UDMH-H^H^  (50-50)  even  when  chamber  pressure 
is  considerably  below  the  critical  pressure  of  N^O^. 
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(C)  I*  aim 
(1) 

(2) 

(3) 

(4) 

(5) 


Proa  tha  standpoint  of  da  sign  complexity,  the  multichamber 
combustor  appears  to  require  sore  coo pi ex  thrust  structure  than 
tho  toroidal  configurations. 

Use  of  tangential  tapered  manifolds  in  plumbing  together  multi- 
chamber  modules,  as  opposed  to  point-to-point  plumbing,  results 
in  a  much  cleaner  design. 

Splayed  exit  multichamber  configurations  are  difficult  to 
fabricate.  The  long  length  and  high  tilt  angle  aesoclatsd  with 
this  combustor  results  in  a  considerably  larger  engine  envelope 
compared  to  other  aeroapilce  configurations. 

Considerations  of  development  cost  savings  through  sub-scale 
testing  (segmentation)  are  important  at  thruste  as  low  as 
30,000  pounds.  Testing  would  probably  proceed  from  heat  transfer 
and  Injector  evaluation  with  truncated  multichamber  modules  or 
toroidal  test  segments  directly  to  full  thrust  chamber  testing 
under  simulated  altitude  conditions. 

At  higher  thrust  levels,  the  development  cost  savings  obtainable 
from  eub-ecnle  testing  become  increasingly  significant.  Unless 
multichamber  engines  of  very  great  V  are  considered  (pressure 
drop  and  simplicity  goals  point  to  V  as  low  as  performance  will 
permit)  toroidal  combustors  ran  always  be  segmented  to  lower 
teet  thrust  levels  then  multichaahere. 

Static  and  dynamic  envelope  lengths  for  single  bell  engines  are 
significantly  greater  than  those  for  either  toroidal  or  multi- 
chamber  aerospikea.  Differentiation  between  overall  lengths  of 
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toroidal  and  multichamber  aerosplkg  engines  requires  knowledge  it 
module  number  of  the  latter  and  optimum  expansion  nozzle  lengths 
of  each. 

(6)  The  continuous  nature  of  the  toroidal  combustion  chamber  epike 
nozzle  surface  eliminates  a  class  of  design  problems  associated 
with  the  discontinuity  of  cultichsaber  combustors  at  the  module/ 
spike  nozzle  interface.  Regenerative  cogent  transmission  across 
this  interface  in  the  nominal  circular  exit  module-common  axi- 
synaetric  spike  configuration  requires  a  collection  manifold 
around  each  module  exit,  a  transfer  duct,  and  a  distribution  manifold 
around  the  spike, 

(C)  HasflgJAte 

(1)  The  altitude  compensation  feature  allows  a  high  performing,  high 
area  ratio  aerospike  ergine  to  be  utilized  unchanged  in  booster 
and  vaeuva*  applications.  High  booster  thrust  is  provided  by 
clustering  four  or  more  independent  en^ns  units. 

(2)  The  toroidal  aerospike  concept  is  unique  in  its  capability  of 
being  adapted  to  and  fully  utilizing  unusual  after-body  shapes 
such  as  those  proposed  for  recoverable  stages. 

(3)  The  segment  testing  concept,  which  is  unique  to  the  toroidal 
combustion  chamber,  allows  such  important  engine  characteristics 

as  combustion  efficiency  and  stability,  engine  performance,  cooling 
capability,  and  thrust  chamber  life  to  be  economically  developed 
and  demonstrated  with  full  ecnle  -  -  but  partial  thrust  segments 
of  the  complete  engine. 
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(1)  The  eegtter.tsd  aerospike  engine  will  require  fewer  complete  system 
tests  to  attain  the  smse  reliability  goal  aa  the  conventional  bell 
engine  or  the  sultichaaber  engine. 

(2)  In  advanced  development  plan  in  which  the  thrust  chamber  and 
turbopump  modules  are  developed  in  a  simulated  engine  environment 
provides  a  significant  reduction  in  the  number  of  engine  segment 
testa  required.  The  plan  provides  acre  substantial  reductions 
for  the  aerospike  engine  than  the  aultiohaaber  engine. 

(3)  With  the  engine  segment  test  approach,  the  aerospike  engine  can 
achieve  a  given  reliability  goal  with  less  dollar  expenditure 
than  for  the  conventional  single  bell  engine  or  e  multichamber 
engine. 

(C)  Oenerel 

Based  on  the  combination  of  factors  considered  the  following  conclusions 

ore  made. 

(1)  The  toroidal  aerospike  configuration  is  superior  to  the  multichamber 
configuration  for  an  annular  aerodynamic  spike  nozzle  based  on 
performance,  weight,  cooling  considerations,  and  design  considerations. 

A  multichamber  configuration  would  perhaps  bo  preferable  if  an 

engine  system  were  needed  which  could  utilise  existing  hardware. 

(2)  Consideration  of  performance,  weight,  cooling  capability,  and 

design  complexity  leads  to  the  conclusion  that  multichamber  configurations 
should  be  of  conventional  touching  exit  design.  ?or  the  range  of 
thruat,  chamber  pressure,  and  area  ratio  investigated  an  eight 
module  configuration  is  superior  to  configurations  with  a  greater 
number  of  oodules  in  all  criteria  considered  in  this  study.  A  good 
criterion  for  selecting  the  nuaber  of  aodulss  for  a  booster  engine 
is  to  use  the  fewest  number  (down  to  eight)  which  will  provide  near 
touching  clr paler  exits  and  e  noo- separated  module  flow. 
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METHOD  OF  ANALYSIS  OF  HIGH-AREA-RATIO-RATIO-COLD-FLOW  DATA 


APPENDIX  1 

KETHOD  0?  ANALYSIS  OP  KICK-AREA-RATIO  COLD-PLW  DATA 


(U)  CT  whs  defined  in  the  first  quarterly  progress  report  as  followst 


♦  F,. 
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T  I. 


a  *  %  V 


where  I  ■  the  actual  specific  impulse 

F^  -  the  base  thrust,  J  Pb  dA^ 

Fp  «  the  net  primary  thrust 

I^_ ,  -  ideal  specific  impulse  based  on  primary  fluid  properties 

Fp^  •  ideal  thrust  for  tip  weight  flowrate  and  properties 

F  . 

(U)  Substituting  the  relationships  Fn  ■  Fp  +  Fh  and  Cp  ■  y  , 

op  Pc  *  t 

where  F  *  total  measured  net  thrust 

m 

A*t  ■  primary  aerodynamic  throat  area 
and  rearranging  terms  results  in 


^  (l  ♦£)  Cp  p  Aj 

tip  ropt  c  1 

(U)  A  flow  function  (f  )  was  calculated  using  one  diirension&i,  isentropic, 
coayressible  flow  theory  for  critical  flow  (Ref  6  ).  This  function, 
.  ip/ip 

y  "  ~ — *  ,  Includes  real  gas  effects  for  the  gas  at  the  nozzle 

*c  A  t 


throat.  Thus i 


The  factors  FR  and  T  were  measured  directlyj  the  factors  f_,  fr  and 
Co  art!  obtained  using  measured  data  and  gas  properties.  T 
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APPENDIX  3 
COLD-FLOW  TEST  DATA 
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APPENDIX  4 


WEIGHT  FLOW  AND  WEIGHT  FLOW  DEPENDENT  PARAMETER  CALCULATIONS  FOR 

TSTRAFLUOROKETHANE  (CF.) 

4 

(u)  At  Rocketdyne's  Rocket  Nozzle  Teat  Facility  (RNTF)  metering  the  Base- 
flow  of  the  teat  fluids  is  accomplished  through  the  use  of  critical 
flow  nozzles  (Sonic  Venturi  Meters). 

(U)  For  a  perfect  gas  the  equation  of  continuity,  the  perfect  gas  equation 
and  the  isentropic  relations  to  go  from  the  reservoir  stagnation 
conditions  to  the  throat  leads  to  the  following  equation 


(U)  When  the  geometrical  throat  area  is  used  Eq.  1  should  he  multiplied  by 
a  discharge  coefficient  (C^)  to  account  for  viscous  effects  and  dis¬ 
tortions  in  the  sonic  velocity  profile. 

(u)  The  term  f  is  called  the  critical  flow  constant  and  historically  has 
been  referred  to  as  Fliegners  constant.  The  above  relationship  is 
however  based  on  the  assumption  that  the  gas  has  a  specific  heat  ratio 
(  r)  that  is  independent  of  pressure  and  temperature  and  a  compress¬ 
ibility  factor  of  unity.  For  most  gases  at  high  pressures  and/or  low 
temperature^.  significant  errors  in  mass  flow  calculations  are  introduced 


if  the  above  relations  are  used.  For  example  at  the  operating  temp¬ 
eratures  and  pressure  employed  at  RNTF  with  air  as  a  test  fluid  errors 
on  the  order  of  1  percent  could  be  introduced  invo  the  mess  flow  cal¬ 
culations  if  the  ideal  ratio  of  specific  heats  (  1.40)  was  employed. 

(U)  To  circumvent  this  problem  critical  flow  functions  that  take  into 
account  such  "real-gas"  effects  as  compressibility  and  specific  heat 
variations  with  temperature  and  pressure  are  employed. 

(U)  The  method  employed  to  obtain  the  pressure -temperature  dependent 

critical  flow  function  is  based  on  a  procedure  where  the  throat  static 
state  is  assumed  and  the  upstream  stagnation  state  at  the  same  entropy, 
but  at  an  enthalpy  that  is  increased  by  the  enthalpy  change  needed  to 
accelerate  the  gas  to  the  speed  of  sound,  is  determined.  Use  of  this 
method  requires  el ther  tabulated  values  of  entropy,  enthalpy,  specific 
volume  or  density  and  sonic  velocity  as  a  function  of  temperature  end 
pressure  or  an  equation  of  state  which  will  give  suitable  first  and 
second  derivatives. 

(U)  The  detailed  procedure  involves  the  following  steps 

1.  For  a  given  stagnation  temperature  (Tq)  and  pressure  (P(  > 
estimate  the  throat  static  pressure  (P*)  and  temperature  (T*) 
having  an  entropy  (SQ)  the  same  as  that  at  the  stagnation 
conditions. 

2.  Determine  the  local  sonic  velocity  for  the  throat  static  con¬ 
ditions  and  solve  for  the  enthalpy,  required  to  obtrin  the 
sonic  velocity  using  the  following  equation 

Ah  -  a«2/2gJ  (2) 
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3.  Determine  the  stagnation  enthalpy  (hQ)  required  to  obtain  the 
ooaio  velooity. 

h  ■  h#  ♦  Ah  (3) 

0 

4.  For  the  given  stagnation  entropy  (3  )  and  calculated  enthalpy 

O  I 

(h  )  det entire  the  corresponding  etagnation  pressure  (P  )  and 
0  t.  »  »  0 

teuperatur^  (T  ).  If  P  :nd  T  are  not  equal  to  the  initial 
o  0  0 

specified  P and  Tq  step  1  through  4  is  repeated  until  agree¬ 
ment  ie  obtained. 

5.  Tne  pressure-temperature  dependent  critical  flow  function  for 
a  specific  gas  ie  then  calculated  using  the  following  euqation 


f  PJ 

0  0 


wt/t“ 


P 


(4) 


(U)  The  gae  properties  of  air  required  for  the  above  calculations  can  be 
obtained  from  Ref.  20  .  However  as  the  pressure  and  temperature 
dependent  critical  flow  function  is  available  in  various  publiehed 
papers  (Ref.  21  and  22  )  additional  calculation  was  not  required. 


(U)  For  Te traf luoronethane  the  Hartin-Hou  equation  of  state  (fief.  23  )  wae 
used  to  obtain  the  pressure- temperature  volume  relationship.  Tahulated 
values  of  entropy  and  enthalpy  wero  obtained  from  Ref.  24  .  The  ratio 
of  the  specific  heats  was  calculated  in  the  manner  outlined  in  Ref.  10 
and  the  sonic  velocity  calculations  are  described  in  Ref.  23  . 

(u)  To  obtain  the  one  dimensional  ideal  thruot  coefficient  the  following 
fundamental  thrust  equation  ia  ueed 

T  -  ;  V#  ♦  (P#  -  Pa)  A#  (5) 
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(U)  For  optimum  conditions  (P^  ■  Pft)  the  above  equation  reduce®  tc 


(U)  Dividing  through  by  P^A*  the  relationship  for  the  one  dimensional  ideal 
optimum  thrust  coefficient  i® 


which  reduce®  to 


^  **  Ve 
opt  -  - - - 

o 


f  (T  ,  P  )  V 

o*  o  a  (7) 


-K 


(U)  If  the  pressure-temperature  dependent  critical  flow  function  is  avail¬ 
able  the  one  dimensional  optimum  thrust  coefficient  can  be  rei  dily 
obtained  by  calculation  of  the  exit  velocity  obtained  for  an  ii entropic 
expansion  of  the  flow  from  reservoir  stagnation  (Pq)  to  ambient  pressure 
(P  )  as  given  by  the  -ollowing  equation 


W(h  <V  V  -  h  (pe*  S0}  ) 


(U)  A  eerie®  of  these  calculations  have  indicated  that  for  the  operating 
temperatures  and  pressure®  employed  st  the  SNTP  a  representative  ratio 
of  specific  heat®  can  be  employed  to  obtain  an  optimum  Cy.  Per  Air  the 
repra3entative  Y  is  1.4  and  for  CF^  the  representative  Y  is  1.2. 
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thla  rapa,  dlrucily  from  DDC.  Oihar  gueiiflad  DOC 
uaara  than  roguaat  through 


(«)  "U.  %.  a-JIltrry  f;tn-iat  may  obtain  uOyiaa  tf  tilt 
rupart  dtractly  from  DOC.  Oihar  gualifiod  atari 
than  rtguoit  through 

(S)  "All  dittrlbutloa  of  thla  (apart  la  controlled  Qual- 
triad  DDC  ultra  akal!  taguatt  through 

_ _ 

If  tha  rapon  hat  boon  fir  nil  had  to  tht  Offlct  af  Tachnlcti 
larrtcaa,  Dapanr.it  ,t  of  Comer arct,  far  aala  ta  tha  public,  Indt- 
cata  thla  fact  and  uniar  thaprlca,  Ifhnowik 

1L  SUPPLEMENTARY  NOTEfc  Uae  for  additional  eaplenm 
tony  notaw 

U  SPONSORING  MILITARY  ACTIVITY:  ItiVlhe  ntr.o  of 
tht  departmental  project  sfflca  ar  laboratory  aponaarlng  fpej* 

Ini  lot)  Ihu  roaesrth  and  dtvalopmwil  Inciuda  addrtta. 

IS  A5ATRACT:  Entor  an  abatract  glring  a  brief  and  factual 
aummary  of  Ilia  documa.it  Indlcatira  af  tha  rapii..  a  van  though 
II  may  alto  appear  alaawhora  tn  tha  body  sf  tha  tachnlcti  re- 
pan.  If  additional  apoca  la  tegutrad.  a  continuation  thatt  ahull 
ba  aiuchad. 

Il  la  highly  daalrthla  that  lha  abatract  af  claaalflad  rapona 
ba  unelaialliad  Each  paragraph  of  tha  abatract  ahall  and  with 
an  Indication  af  lha  military  aacurlty  claaalNcatlan  af  lha  ta- 
formation  In  tht  paragraph,  rupraaaniad  a#  frit  »»>.  fcj.  ar  IV) 

Tharo  la  no  Umltailon  on  Pa  langOi  if  tha  abatract  Haw* 
•aar,  tha  aaggiataii  longth  la  fraaa  ISO  la  ]}y  worda. 

14.  EEY  f  ORDI:  Kay  worda  art  tachnlcalty  maanlnghil  lit aa 
ar  abort  phratat  that  charactarUa  a  rapon  and  may  ba  uaad  ao 
India  mfrlaa  far  ca'alaa.ng  tho  raparf  Kay  werda  muat  bo 
aolactad  ae  that  no  aacurlty  claaal.'icatian  la  ragalrod.  tdantl- 
flan,  auch  at  auulpmant  rr.uda'.  d.itjr.atlan,  trad*  nama,  mlltuiy 
prajact  coda  nama.  rac/raphlc  location,  may  ba  uaad  aa  bay 
ward#  but  will  la  faliewad  by  an  IndicaUen  of  tachnlcti  cam. 
lot  I  Tha  atalgnmant  af  link  a,  rvlaa.  and  walghta  la  apllonal. 
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